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ABSTRACT

Despite the remarkable development in ferroelectric HfO,-based FETs, key reliability challenges (e.g. endurance) may still
limit their widespread adoption in memory and logic applications. In this paper, we present a simple theoretical framework —
based on the Landau theory of phase transition — to design both ferroelectric FETs (FeFETs) and negative capacitance
transistors (NCFETs) and investigate their reliability issues. For FeFETs, we analyze the role of interface and bulk traps on
memory window closure to quantify endurance under different operating conditions. For NCFETs, we discuss the beneficial
role of NC effect in reducing (or even eliminating) the persistent reliability issue of negative bias temperature instability (NBTT)
that has plagued MOSFETs for decades. Both devices could also suffer from the Hot Atom Damage (HAD), i.e., switching-
induced bond dissociation during transient overshoot. We conclude by discussing how other reliability issues (e.g. TDDB,
HCD, etc.) may also have to be reinterpreted for FE/NCFETs.
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1. INTRODUCTION

Employing a ferroelectric (FE) layer in the gate stack of a metal-oxide-semiconductor field-effect transistor (MOSFET)
significantly enhances the functionality of the device by enabling simultaneous data storage and logic operation [1] on the one
hand, and, steep-slope operation for ultra-low power consumption on the other [2]. The ferroelectric transistor that uses the
polarization charge to store data for memory application, combined with the logic functionality intrinsic to the MOSFET
operation, is called FeFET, whereas the device that exploits the so-called “negative capacitance” (NC) effect to achieve voltage
amplification (and thus sub-thermionic switching) is called NCFET [1].

While the first demonstration of a FeFET dates back to the 1960s [3], the concept of NCFET has been proposed relatively
recently in 2008 [2] with the first demonstration following immediately thereafter [4]. Despite decades-long refinements, the
persistent challenges associated with process integration beyond the 130nm node, retention loss [5], and per-bit cost of
perovskite ferroelectrics (e.g. PZT, BaTiO, etc.)-based memories/devices [6] have limited their practical use only to niche
applications [6]-[9]. In this context, the prospects of FeFETs and NCFETs changed dramatically by the discovery of
ferroelectric properties in crystalline HfO, and ZrO, in 2011 [10], [11], which was thereafter exploited to realize scaled FeFETs
[12]-{14] as well as NCFETs [15]-[17].

While there is a worldwide effort focused on the performance metrics of ferroelectric HfO»-based FeFET and NCFETs (i.e,,
subthreshold slope, negative-DIBL, switching speed, power consumption, scalability, and process compatibility with
complementary metal-oxide-semiconductor technology, CMOS), the corresponding reliability issues (i.e., the capability of
these devices to maintain their performance metrics within the specified margin over a prescribed period of operation) remain
relatively unexplored or not fully solved [1], [9]. Despite the novelty of both technologies (the first reports of HfO,-based FETSs
date back to only about 10 years), it is important to treat performance and reliability on equal footing as it is well known from
Si MOSFET literature that fundamental reliability (and variability) issues might reduce significantly the design margins of
circuits based on CMOS technology, especially at ultra-scaled nodes [18]. Therefore, the true advantages of HfO,-based
FeFETs and NCFETs over other emerging technologies can only be determined by performing a careful assessment of both
performance and reliability.

In this paper, we propose an integrative theoretical framework based on the Landau Theory to investigate the reliability of
HfO,-based FeFETs and NCFETs. Although reliability concerns are in general different for these two classes of devices
depending on operating conditions, design, application, etc., we show how they can be analyzed with the same theoretical
framework presented here. For the purpose of this work, FeFETs are intended for memory applications only (due to the non-
volatile storage of polarization charge), whereas NCFETs are for logic applications only (due to the steep-switching behavior
guaranteed by the negative capacitance effect). We first review the features of this model — developed from the simple “single-
domain” Landau-Devonshire theory of phase transition — and then derive some general rules to identify the design space of
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FeFETs and NCFETs. We then present the derivation of a simple analytical formula that accounts for the interface and oxide
traps generation that leads to the closure of the memory window (MW) in FeFETs, which is the most pressing challenge to
endurance of these memories. Then, we discuss the principles of negative bias temperature instability (NBTI)-free operation
in NCFETs, by showing how the negative feedback action obtained through the stabilized NC effect can effectively reduce (or
even suppress) this persistent reliability issue of traditional MOSFETs. Finally, we interpret a specific reliability aspect of both
FeFETs/NCFETs, namely Hot Atom Damage (HAD) [19]-[21], with the established theoretical framework, as well as discuss
the design strategies that can be adopted to mitigate it. The modeling based on Landau theory of performance and reliability
should be considered as an initial conceptual framework to capture the essence of these reliability challenges. In future, the
model must be generalized further to analyze issues associated with polycrystallinity, multi-domain “history effect”, etc. [22],
[23].

To summarize, both hysteretic (FeFET) and steep-switching (NCFET) operation can be described with the same set of
equations derived from Landau theory. The two devices, however, have very different design space and operating conditions.
Consequently, the proposed theoretical framework allows investigating the reliability issues of either FeFETs or NCFETs,
considering that the specific design and operating conditions (e.g., bias, frequency, etc.) of the two devices determine the
specific degradation mechanisms that would eventually dictate the functional reliability of the devices.

2. FEFET AND NCFET DESIGN RULES

To understand the design rules of FEFET and NCFET one needs to first derive the body factor m of the device. We will
consider only the electrostatics for simplicity and thus ignore short channel effects [24]. In this case, it is useful to consider the
gate stack as depicted in Figure 1.
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Figure 1. Simplified capacitance network representing the gate stack of a FeFET/NCFET.
From the simple capacitance network of Figure 1 one can thus write the body factor m expression as:

m= (dl;bs)_l _ ( dl/)S .d‘/INT)_1 — (1+&) (1_CMOS>’ (1)
dVGS dVINT dVGS COX |CFE|

where Crr, Cox, Cs are the ferroelectric, oxide, and semiconductor capacitances (see Figure 1), and Cyds = C5,t + Cst. In
general, the steady state (i.e., p = 0) Crg expression can be derived by considering Q = gpgE+P (i.e., by imposing the continuity
of the displacement field between the ferroelectric, insulator, and semiconductor) [34], and reads:

Crg = ! e
FE = teeQa + 12802 + 30y0%) ' tpp

2

Because Crr as expressed in Eq. (2) represents a differential capacitance (the first term in fact is obtained from Eq. (11)
discussed in Methods as (8E/0P)™"), the voltage drop across the ferroelectric should be accordingly evaluated as Veg = [Crg
'dQ. Without loss of generality, in this section we consider Crg = (OE/OP)™ = [tre(2a+12BP*+30yPH)]™ < 0 (i.e., ere = 0) for
simplicity.

From Eq. (1), one can show that from the point of view of electrostatics, stabilized NC effect can be accessed if the following
is satisfied:

Cumos < |Cpgl < Cox. 3

The first inequality in Eq. (3) needs to be satisfied for hysteresis-free operation, whereas the second one (i.c., the same as
Eq. (13) considering the linear term only) ensures that voltage amplification occurs (i.e., dVint/dVss> 1). On the other hand, if
Cuos > |Crg| then hysteresis will appear in the I-V transfer curves and thus FeFET operation is achieved. Notice that in general
hysteresis does not necessarily imply non-volatility, as this property is achieved when the stored state can be read even with no
or small applied bias. However, since in most cases the P—E loop of ferroelectrics is symmetric with respect to the origin
(except for intended volatile designs), hysteretic behavior implies non-volatility.
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Figure 2. FeFET/NCFET design space considering a constant Cmos = 2/5%Cox (i.e., assuming the semiconductor capacitance Cs = Cb,
depletion capacitance). Al20s (kox = 8) was considered, o = —1.1x10° m/F, # = 3.3x10'° m3/(C? F) as in [25].

Eq. (3) is plotted in Figure 2 for Cvos = 2/5%Cox (i.€., assuming the semiconductor to be biased in the depletion region).
Ferroelectric parameters were taken from [25]. From Figure 2, one can appreciate the constraints on #rg and #pg to either obtain
hysteretic (FeFET) or NC operation (NCFET). In general, one should consider the bias-dependence in Cs [26], [27] as well as
additional capacitance contributions from interface traps, parasitic as well as quantum effects [24]. Thus, although the
constraints obtained from Eq. (3) are valid only as a first approximation, they provide a useful conceptual tool to think about
FeFET/NCFET design.

Since in a well-designed NCFET 0 <m < 1, the sub-threshold swing, SS = (2.3ks7/q)xm ~ 60xm mV/dec (with g being the
elementary charge, kg the Boltzmann constant, and 7 the temperature), is always lower than the thermionic limit of 60 mV/dec
(at room temperature). Designing |Crg| as close as possible to Cmos reduces SS but for |Cre| < Cwmos hysteresis will be present.
This is, however, not the ideal design space for an NCFET, but rather for FeFET operated as a memory device. In this case, the
most important parameter is the so-called memory window (MW), i.e., difference between high and low threshold voltages
(Vin). The MW expression of MFIS FeFETs can be analytically derived with the theoretical framework based on the LT
presented earlier; it can be shown that MW expression is [27], [28]:
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Figure 3. MW vs (a) tre and (b) Vsw for Zr- and Si-doped HfO: obtained from data in [29] (symbols) and compared with the AW analytical
expression (lines), see Eq. (4). Adapted from [28].
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where V; = kgT/q is the thermal voltage, Qs = (~a/3b)'?, Vow = —2/3 aQsw, a = 2atre+1/Cox, and b = 4ptr. Eq. (4) is shown in
Figure 3 vs e (a) and Vi (b), respectively (with parameters set according to materials/geometries in [29]), correctly
anticipating the linear dependence on #rg observed from experiments [29] and predicted by other models (e.g., Preisach model
[30], [31]).

According to both theory and experiments [29], [32], [33], the actual MW is always below the theoretical maximum of
2Ecxtre (Ec being the coercive field of the ferroelectric); this can also be deduced from Eq. (4), as Vew ~ Ecix*trg and MW <
2Vsw as shown in Figure 3(b).

3. ENDURANCE OF FEFETs

One of the most pressing challenges to the widespread adoption of HfO,-based FeFETs is their limited endurance, i.e., the
ability of the memory to maintain its stored data after repeated writing cycles. Endurance values reported in the literature are
typically in the 10*-10° range [30], [33], [35] (depending on writing conditions and device design) although higher endurance
— approaching 10'? cycles — has been recently reported [15], [36]. Still, there is considerable room for improvement to reach
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the target set by recent technology roadmap (>10'%) [37] or best values reported for other emerging non-volatile memories
(1015-10'%), see [38] and references therein. Typically endurance is assessed by reading the state of the FEFET by performing
In-Vi sweeps after the application of positive/negative writing gate pulses [39]. The writing sequence is repeated multiple times
until gate stack breakdown occurs; the number of cycles (V) until breakdown is thus defined as the endurance limit of the
device. Either bipolar or unipolar (i.e., always positive or negative) writing sequences can be applied for this kind of tests [39],
as shown in Figure 4.

The main limiting factor to endurance in FEeFETs is the wear out of the interfacial (IL) layer between the ferroelectric and
the semiconductor [39]. The IL layer can be subject to very large fields during writing (in excess of tens of MV/cm [30]) which
trigger trap generation either at the IL/semiconductor interface or in the IL itself [35], [40]. The MW analytical expression, see
Eq. (4), can be straightforwardly generalized to account for the Vi’s shift due to the generated traps as follows [28], see Eq.
).
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In Eq. (5), Cof' = Crg + Coy, ¢s is the body potential, ANo,pe (4Dit,pe) is the generated oxide trap density (interface trap
density of states) during either program (PGR) or erase (ERS) operation, see Figure 4 and Qo = (2esknTni?/N,)"? (&5 is the
semiconductor dielectric constant, N, is the semiconductor body doping, and #; is the intrinsic carrier concentration). The AMW
expression was validated against experimental data from [35] as shown in Figure 5 for different gate program pulse eight | Vpz|.
From the fitting of AV, and AMW data in [28], an empirical power law for generated oxide defects ANy ~ Ny x " was extracted
with exponent n = 0.3-0.5, possibly being signature of enhanced oxide defect-generation due to repeated cycling reducing
Time-dependent Dielectric Breakdown (TDDB) lifetime [28].
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Figure 4. Gate voltage-time waveforms for (a) bipolar (b) positive unipolar and (c) negative unipolar endurance tests. Cycling is performed
by repeating many times (up to N, endurance limit) the writing sequence.
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Figure 5. Comparison of AMW vs program/erase cycles calculated with Eq. (5) (dashed lines) and experimental data [35] (symbols). Adapted
from [28].

Once the amount of generated traps is determined depending on the amplitude/duration of gate pulses, Eq. (5) can be used
to evaluate the impact on endurance under a variety of cycling conditions. As such, the analytical model could serve either as
an add-on to traditional techniques or as a stand-alone method to characterize endurance for different generated defect densities
and writing conditions [28]. For instance, it is possible to estimate the net generated traps from the AMW expression as detailed
in [28], thus allowing to correlate MW measurements with generated traps.
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The quantitative estimation made from the simple analytical model will be helpful to develop next-generation FeFETs with
improved endurance.

Possible strategies to improve endurance of FeFETs, as also pointed out by other authors, include: (i) employment of high-
x oxides instead of SiO; to reduce field in the IL layer [30], [36]; (ii) reducing the charge mismatch between ferroelectric
polarization and semiconductor charge by tailoring the HfO, properties [41]; and (iii) improvement of the quality of the IL
layer by annealing or other processing treatments [42], [43]. In general, these strategies aim at lowering the electric field
sustained by the IL layer to reduce its wear-out. We emphasize that the reliability challenges must be solved without degrading
performance. For instance, although complete removal of IL may improve endurance [44] it may degrade channel mobility,
and thereby compromise FET switching performance and/or ON/OFF ratio.

4. NBTI-FREE OPERATION IN NCFETs

Negative Bias Temperature Instability (NBTI) is a critical reliability issue in regular p-type MOSFETs that causes 4V, < 0
(i.e., negative shift) over time due to hole trapping at the interface between gate oxide and semiconductor [45]. This happens
also for NCFETs [1], but thanks to the stabilized NC effect the Vi can be effectively compensated and, under proper design
constraints, eliminated [46].

In presence of interface traps, the overall charge that compensates the polarization at any time (neglecting other parasitic
components) can be written as Q(f) = Os(£)—Orr(?) (Os is the semiconductor charge, Oir is the interface trapped charge). Orr >
0 when traps capture holes, Qir < 0 when they capture electrons; hereon we assume only holes are trapped in pMOS hence
Or(?) > 0 for all ¢. Over time, holes get trapped so that AQ(f) = -40r(¢) < 0 and hence 4V, < 0 for the regular pMOS. In an
NCFET however, AQ(f) causes the capacitance matching between |Crg| and Cwmos to evolve over time (or equivalently, over
interface trapped charge) so that the :glgage amplification factor (O‘Irseoquivalently body factor m) changes [46], [47]. In other
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Figure 6. Simulated /p-VGs characteristics of the (a) MOSFET and (b) NCFET at different NBTI stress conditions (see legend). Proper
NCFET design can lead to NBTI-free operation. Adapted from [46].

words, provided that the NC effect remains stable over time, the negative feedback action provided by the ferroelectric can
compensate the 4V, or even suppress it. This is because the voltage drop on the ferroelectric (Vrg) is negative and hence 4V
can be positive and compensate for the negative 4Vy, [46]. In fact it can be shown that [47]:

(6)

OVFE + aVox] _ _AQIT(t)’

AV () = _AQIT(t)[ 20 20

Ceq

with Co' = Cig + Coit. If Ceq < 0 (as for the case of a NCFET), then Eq. (6) simply predicts that AV > 0. The constraint that
needs to be satisfied over time in order to guarantee self-regulation of NBTI is as follows [46]:

[Q(0)* — Q()®] > [Q5 14, (0) — Qi (D], (7)

where ¢ = 0 is the pre-stress instant and Qi is the intrinsic pMOS charge at threshold condition [46]. Figure 6 shows the
results of self-consistent numerical simulations in terms of Ip-Vgs curves for the p-type MOSFET and NCFET with same
configuration (frg = 28 nm) at three different stress times (see legend). The simulation results in Figure 6 effectively show the
ability of the NCFET to suppress NBTI-induced Vi, shift thanks to the better capacitance matching condition achieved over
stress time [46].

Achieving an optimum FE layer thickness to ensure NBTI-free operation can be challenging from a technological point of
view (due to manufacturing constraints). However, even for relatively thin #z = 7 nm, simulations show NBTI degradation to
be significantly reduced [46]. In other words, even if the FE thickness needs to be determined exclusively by process integration
and capacitance matching constraints, it would still lead to beneficial NBTT reduction.

As pointed out in [48], due to the internal voltage amplification NCFETs would be more prone to interface trap generation
than the corresponding MOSFETs (i.e., at the same node without the ferroelectric layer) if operated at the same supply voltage.
On the other hand, at a given interface trap concentration (or equivalently, stress time) NCFETs have lower 4 Vi, than MOSFETs
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[48], as also explained previously. Hence, in practice NCFETs should be operated at lower supply voltage than their MOSFETs
counterparts to slow down aging.

5. HOT ATOM DAMAGE (HAD)

In the preceding two sections, we have focused on interface/bulk defect generation at the Si/IL interface. The reliability of
the FE layer itself could be a challenge. For example, Hot Atom Damage (HAD) is a reliability concern for FeFETSs (although
theoretically present also in NCFETSs) that is inherent to the polarization switching mechanism [19], [20]. During switching,
ferroelectric atoms across domain walls (transitioning from one polarization state to the other) might cause bond stretching
beyond their critical breaking point causing damage [19]. This reliability concern is dynamic, in the sense that a DC signal
would not involve periodic oscillations between energy minima in the energy landscape; hence, HAD manifests as AC stress
[19]. The polarization overshoots occurring during transient switching lead to accumulation of broken bonds, and thus defects,
resulting in increased gate leakage and degraded lifetime [19], [20].

Because NCFET do not require the application of high gate bias to switch and because the stabilized NC effect is inherently
static, HAD is less relevant in this case [20]. Instead for FeFETs, HAD is a serious reliability concern limiting lifetime and thus
endurance [19], [21].

The energy landscape corresponding to a switching event is schematically illustrated in Figure 7(a). When switching is
triggered from equilibrium (£ = 0) by applying a field larger than the coercive field (Ec), the polarization state is switched from
one energy minima to the other, see Figure 7(a). If the transient is very rapid, an energy overshoot can be produced that can
break atom bonds if the bond-breaking energy (Eg) is overcome [19], [21]. This effect in practice reduces device AC lifetime
as shown in Figure 7(b). When a fast AC switching pulse is applied, lifetime (fuap) significantly reduces, see Figure 7(b). This
lifetime reduction must be mitigated to avoid premature failure; this can be achieved by, for instance, increasing the pulse rise
time (%) [19]. This is illustrated by the simulations in Figure 7(c), where polarization overshoots are reduced with increasing ¢.
Simulations were carried out on a FE/DE structure by modeling the ferroelectric dynamics as that of a dipole oscillator by
modifying Eq. (11) as follows [19], [20], [49]:

Final —E>

E>E ) 0 2 t77— 6 8
Figure 7. (a) Energy landscape at £ =0 and £ > Ec showing the switching event with transient overshoot approaching bond breaking energy
(EB). (b) Measured AC Lifetime (fuap) vs ac voltage amplitude Va. tuap significantly reduces for switching conditions. (c¢) Simulated transient
overshoots during polarization switching for different pulse rise time (#). Increasing # effectively reduces overshoots and increases lifetime.
Simulation parameters are the same as those used in Figure 2. Adapted from [19], [21].
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where / can be identified as a kinetic inductance (or inertia) of the ferroelectric [49]. In Figure 7(b), time was normalized to the
time constant characterizing the decay of the oscillations 7= 2//p [19].

Besides increasing #, other effective strategies to suppress transient overshoots and limit HAD involve increasing the
oscillator time constant z by either: (i) employing a series resistance (Rs), or (if) increasing temperature to increase lattice
scattering and thus p [19]. Although the afore mentioned strategies reduce HAD, they also increase the switching time, therefore
in practice performance and reliability need to be traded-off according to the application requirements.

6. DISCUSSION AND CONCLUSIONS

Ferroelectric and negative capacitance FETs based on HfO; bring in additional reliability aspects compared to conventional
MOSFETs that still need to be addressed/solved.

In addition to HAD discussed in Sec. 6, ferroelectric HfO, presents issues such as imprint (i.e., lateral rigid shift of P—-F
loop) [50], TDDB, wake-up and fatigue (i.e., increase and decrease of remnant polarization, Py) [23], switching stochasticity
[22], and ferroelectric phase non-uniformity [51]:

1) Imprint, in addition to depolarization field and leakage [5], cause polarization loss over time limiting retention [50].

2) TDDB leads to ultimate failure of the device and thus represents an upper bound to lifetime. From MOSFET theory, it is
well-known that TDDB lifetime scales with area, as also experimentally verified on ferroelectric HfO, capacitors [52],
[53]. Also, one must carefully analyze if increased lifetime associated with soft-breakdown [54]-[56] is still relevant for
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NCFETs, where the leakage associated with the first breakdown may lead to significant shift in the threshold voltage.
Additionally, the internal voltage amplification of NCFETs might reduce breakdown voltage compared to MOSFETs
when operated at the same supply voltage [16].

3) Wake-up and fatigue (driven by defect formation mainly along grain boundaries) cause polarization de-pinning/pinning,
respectively, and affect endurance characteristic of the ferroelectric [23]. Interestingly, as discussed in [39], endurance of
FE-HfO, capacitors was higher than that of corresponding FeFETs realized with the same FE layer and geometry, pointing
out to degradation of IL as the limiting factor to endurance [39], [40].

4) Switching is dominated by stochastic domain-wall nucleation causing variability issues especially in ultra-thin layers [22].
Variability is also enhanced by the non-uniformity of the ferroelectric phase across the HfO, layer [51].

Moreover, in addition to the endurance and NBTI issues discussed in Sec. 4 and 5, other MOSFET reliability challenges

such as BTI, gate leakage, hot electron injection, self-heating, and radiation need to be addressed:

1) Bias Temperature Instability (BTI), i.e., Vi shift due to charge trapping, plays a role in FeFETs [30], [57] as well as
NCFETs [46], [48]. Vin-shifts due to BTI can either cause fast, recoverable issues [30], [57] (i.e., causing instability) or
permanent damage (related to trap generation) limiting reliability [28], [35], [40], [46].

2) Gate leakage limits endurance in FeFETs as it was found to correlate with IL degradation [39], whereas in NCFETs it can
cause a de-stabilization of the NC effect at steady-state if MFMIS structure is employed [58].

3) Hot electron injection (HCI) from gate contact during negative voltage writing conditions was found to be the main
endurance limiting factor in <Snm FE-HfO, FeFETs [59], due to the trapping of holes generated by the injected hot carriers
[9], [59]. Because of their low-voltage operation, NCFET are likely less affected than FeFETs by HCI; however, this
requires further investigation [1].

4) Self-heating (SH) is the device internal temperature rise due to power dissipation. In [60] it was shown that partial recovery
of endurance degradation could be achieved in FeFETs by inducing SH through high current between the body and
source/drain contacts. A simulation study showed that SH in NCFETSs can be higher than that of MOSFETs due to the
higher current at same supply voltage [61].

5) Ionizing radiation causes cumulative degradation of FeFET performance due to highly energetic electron/hole pairs that
create new traps. In [62] it was verified that increased total ionizing dose reduces endurance potentially due to trap
generation and hole trapping. Eq. (5) can be adapted to model radiation-induced MW closure due to trap generation in the
gate stack. NCFETs may be more resilient than conventional MOSFETs to radiation as, shown in [63]. Similar to NBTI
suppression, NCFETs are expected to have improved radiation hardness so long the degradation is primarily due interface
trap generation. A recent study however highlights the importance of analyzing both interface and bulk trap generation
self-consistently to quantify the dominant lifetime limiting mechanism [64].

In conclusion, our specific contribution in this work was focused on some of the most pressing challenges, such as trap
generation (limiting FeFETs endurance), NBTI-free operation in NCFETs and HAD for both devices. We proposed an
integrative theoretical framework based on Landau Theory to analyze the aforementioned reliability issues by means of either
analytical models or self-consistent numerical simulations. The simple yet effective modeling approach proposed in this work
allows gaining useful insights in the reliability/failure mechanisms of FeFETs/NCFETs as well as devising possible strategies
to mitigate these issues. For instance, the proposed MW degradation analytical model can help interpreting the record endurance
exceeding 10'° presented in [36], as the use of high-x IL reduces the electric field and thus concentration of generated traps at
given stress cycle. Nevertheless, given the diversity of the emerging doped high-k ferroelectric insulators and of the device
configurations in which they are integrated, a large number of carefully designed experimental studies are required to
systematically identify and classify the degradation mechanisms limiting reliability of FeFETs/NCFETs. In this sense, the
theoretical framework proposed here is intended as a guide to design experiments as well as to interpret them.

7. METHODS: THEROETICAL FRAMEWORK

According to the phenomenological Landau Theory (LT), the energy of a system (U) near phase transition can be expressed
as power-series expansion with respect to an order parameter (i.e., for FE, the polarization P) as follows [65]:

U = aP? + BP* + yP — EP, 9)

where o, f, y are material-dependent parameters and E is the applied external electric field. The first parameter o depends on
temperature (o = ao(7-To), where Ty is the Curie temperature [65]) and at room temperature a<0 for ferroelectrics. Under
equilibrium (i.e., £ = 0) the energy landscape resembles the one illustrated in Figure 8(a), with two-stable energy minima
separated by an energy barrier.
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Figure 8. (a), (c) Energy landscape and (b), (d) corresponding P-E loop for the (a), (b) isolated FE and (c), (d) FE+DE system. In (c), (d) #re
=—tpE/(2aenk) so that Uror = Pror = 0 becomes accessible and negative capacitance can be harnessed.

This energy barrier is at the origin for the hysteresis in the P—E loop (typical of ferroelectrics) as the energy required to jump
from one energy minima to the other depends on the history of the transition. The P—E relationship can be derived by applying
Landau-Khalatnikov equation (LKE), that reads [2]:

ap | U
P+ =0, (10)
where p is also a material-dependent parameter. Combining Egs. (9) and (10) yields:

E = 2aP + 43 + 6yP* + p>., (11)

which can be visualized in Figure 8(b) in the steady-state case, i.e., OP/0t = 0.

The point corresponding to (U = P = 0) is unstable for an isolated FE layer, as the energy is not minimized, giving rise to a
sudden transition from one stable point to the other as the applied field is raised above Ecik=E|@rir = 0), see Figure 8(b).
However, when placed in series with a conventional dielectric (DE) layer, the tofal energy of the system can be stabilized in
the U= P = 0 point corresponding to the negative capacitance region [2]. Accordingly, Eq. (9) is modified as follows:

. (12)
Uror = Upg + Upg = (“+—)P2 + BP* +yP® — EP,
2epE

where epg = &oxpE 18 the dielectric constant of the DE. For the time being we assume that e = 0 and that the polarization charge
is completely compensated by the charge on the DE (we will discuss the case erg > 0 in Section 3). For a system with energy
Uror as expressed by Eq. (12), if the following condition is satisfied [2], [34], [66]:

tpp < —2L (13)

bl
2|alepe

where frg (fpg) is the ferroelectric (dielectric) thickness, then the point Uror = Pror = 0 becomes stable (i.e., energy minimum)
and the negative capacitance region can be accessed [67]. Eq. (12) is depicted in Figure 8(c) and the corresponding “S-shaped”
P—E relationship is shown in Figure 8(d). Basically, Eq. (13) identifies (on first approximation) the design constraint for either
hysteretic or stabilized NC operation. In Section 3 we will generalize Eq. (13) for the transistor case including the non-linear
MOSFET capacitance, see Eq. (3).

The NC can be either a stabilized (DC) or transient effect [66]. In the first case, the depolarization field caused by the DE
layer renders the U= P = 0 point stable, as discussed previously, and as such “small-signal” like, hysteresis-free amplification
can occur [1], [66]. In the second case, instead, NC is a consequence of polarization switching, occurring when moving from
one stable polarization state to another and as such leads to hysteresis and vanishes at steady-state [66], [68], [69]. Although
stabilized NC effect in HfO»-based NCFETS has not been yet unambiguously demonstrated [66], we will assume this to occur
throughout this paper.

In general, the gate stack structure of FeFETs/NCFETs is the metal-ferroelectric-insulator-semiconductor (MFIS), optionally
integrating a floating metal in between the ferroelectric and the insulator, i.e., MFMIS (this case is equivalent to consider an
MFM capacitor in series with the gate metal of a regular MOSFET). MFIS and MFMIS structures are identical only under ideal
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conditions, i.e., without leakage (that destabilizes the NC effect [58]) and without domain formation [34]. Thus, MFMIS in
practice is useful for analysis purposes only, and MFIS should be the design of choice for realistic devices.

Landau theory discussed so far is phenomenological in the sense that it allows describing the macroscopic behavior of
polarization across the whole layer, neglecting the microscopic details [65]. Thus, the model discussed so far represents a
simplification of the actual behavior of the ferroelectric. More accurate descriptions need to take into account the multi-domain
nature of polarization (i.e., non-uniformity across the ferroelectric) [70] as well as the stochasticity inherent to the switching
dynamics [22], [71]. Moreover, polycrystallinity of the ferroelectric HfO, layer (i.e., containing both FE and DE grains) —
giving rise to variability [51], [72] — needs also to be taken into account.

ACKNOWLEDGMENTS

The authors thank Prof. Francesco Maria Puglisi, Prof. Paolo Pavan (University of Modena), and Dr. Muhammad
Masuduzzaman (Sandisk) and Dr. Kamal Karda (Purdue University and Micron Technology) for useful discussions.

DECLARATIONS

Funding. Not applicable.
Conflict of Interests. The authors declare no competing financial interest for this research.
Availability of Data. The data supporting the findings of this research are available within the article.

REFERENCES

[1] M. A. Alam, M. Si, and P. D. Ye, “A critical review of recent progress on negative capacitance field-effect transistors,” Appl. Phys. Lett., vol. 114,
no. 9, p. 090401, Mar. 2019. DOI: 10.1063/1.5092684.

[2] S. Salahuddin and S. Datta, “Use of negative capacitance to provide voltage amplification for low power nanoscale devices,” Nano Lett., vol. 8,
no. 2, pp. 405-410, 2008. DOI: 10.1021/n1071804g.

[3] J. L. Moll and Y. Tarui, “A New Solid State Memory Resistor,” IEEE Trans. Electron Devices, vol. 10, no. 5, p. 338, Sep. 1963. DOI: 10.1109/T-
ED.1963.15245.

[4] G. A. Salvatore, D. Bouvet, and A. M. Ionescu, “Demonstration of subthrehold swing smaller than 60mV/decade in Fe-FET with P(VDF-
TrFE)/SiO2 gate stack,” in IEEE International Electron Devices Meeting (IEDM), 2008, pp. 4-7. DOIL: 10.1109/IEDM.2008.4796642.

[5] N. Gong and T. P. Ma, “Why Is FE-HfO2 More Suitable Than PZT or SBT for Scaled Nonvolatile 1-T Memory Cell? A Retention Perspective,”
IEEE Electron Device Lett., vol. 37, no. 9, pp. 1123—1126, Sep. 2016. DOI: 10.1109/LED.2016.2593627.

[6] T. Mikolajick, U. Schroeder, and S. Slesazeck, “The Past, the Present, and the Future of Ferroelectric Memories,” IEEE Trans. Electron Devices,
vol. 67, no. 4, pp. 1434-1443, 2020. DOI: 10.1109/TED.2020.2976148.

[7] M. Masuduzzaman, D. Varghese, H. Guo, S. Krishnan, and M. A. Alam, “The origin and consequences of push-pull breakdown in series
connected dielectrics,” Appl. Phys. Lett., vol. 99, no. 26, pp. 6-9, 2011. DOI: 10.1063/1.3672216.

[8] M. Masuduzzaman, S. Xie, J. Chung, D. Varghese, J. Rodriguez, S. Krishnan, and M. Ashraful Alam, “The origin of broad distribution of
breakdown times in polycrystalline thin film dielectrics,” Appl. Phys. Lett., vol. 101, no. 15, 2012. DOI: 10.1063/1.4758684.

9] A. 1 Khan, A. Keshavarzi, and S. Datta, “The future of ferroelectric field-effect transistor technology,” Nat. Electron., vol. 3, no. 10, pp. 588-597,

2020. DOIL: 10.1038/s41928-020-00492-7.

[10] T. S. Boscke, J. Miiller, D. Brauhaus, U. Schrdder, and U. Béttger, “Ferroelectricity in hafnium oxide thin films,” Appl. Phys. Lett., vol. 99, no. 10,
pp- 0-3, 2011. DOI: 10.1063/1.3634052.

[11] J. Miiller, T. S. Boscke, U. Schroder, S. Mueller, D. Brauhaus, U. Bottger, L. Frey, and T. Mikolajick, “Ferroelectricity in simple binary ZrO 2 and
HfO 2,” Nano Lett., vol. 12, no. 8, pp. 4318-4323, 2012. DOI: 10.1021/n1302049k.

[12] J. Muller, T. S. Boscke, S. Muller, E. Yurchuk, P. Polakowski, J. Paul, D. Martin, T. Schenk, K. Khullar, A. Kersch, W. Weinreich, S. Riedel, K.
Seidel, A. Kumar, T. M. Arruda, S. V. Kalinin, T. Schlosser, R. Boschke, R. van Bentum, U. Schroder, and T. Mikolajick, “Ferroelectric hafnium
oxide: A CMOS-compatible and highly scalable approach to future ferroelectric memories,” in /EEE International Electron Devices Meeting
(IEDM), Dec. 2013, pp. 10.8.1-10.8.4. DOI: 10.1109/IEDM.2013.6724605.

[13] M. Trentzsch, S. Flachowsky, R. Richter, J. Paul, B. Reimer, D. Utess, S. Jansen, H. Mulaosmanovic, S. Muller, S. Slesazeck, J. Ocker, M. Noack,
J. Muller, P. Polakowski, J. Schreiter, S. Beyer, T. Mikolajick, and B. Rice, “A 28nm HKMG super low power embedded NVM technology based
on ferroelectric FETSs,” in IEEE International Electron Devices Meeting (IEDM), 2016, pp. 11.5.1-11.5.4. DOI: 10.1109/IEDM.2016.7838397.

[14] S. Diinkel, M. Trentzsch, R. Richter, P. Moll, C. Fuchs, O. Gehring, M. Majer, S. Wittek, B. Miiller, T. Melde, H. Mulaosmanovic, S. Slesazeck,
S. Miiller, J. Ocker, M. Noack, D. A. Lohr, P. Polakowski, J. Miiller, T. Mikolajick, J. Hontschel, B. Rice, J. Pellerin, and S. Beyer, “A FeFET
based super-low-power ultra-fast embedded NVM technology for 22nm FDSOI and beyond,” in /EEE International Electron Devices Meeting
(IEDM), Dec. 2017, pp. 19.7.1-19.7.4. DOI: 10.1109/IEDM.2017.8268425.

[15] C. H. Cheng and A. Chin, “Low-leakage-current DRAM-like memory using a one-transistor ferroelectric MOSFET with a Hf-based gate
dielectric,” IEEE Electron Device Lett., vol. 35, no. 1, pp. 138-140, Jan. 2014. DOI: 10.1109/LED.2013.2290117.

[16] Z. Krivokapic, U. Rana, R. Galatage, A. Razavieh, A. Aziz, J. Liu, J. Shi, H. J. Kim, R. Sporer, C. Serrao, A. Busquet, P. Polakowski, J. Muller,
W. Kleemeier, A. Jacob, D. Brown, A. Knorr, R. Carter, S. Banna, J. Miiller, W. Kleemeier, A. Jacob, D. Brown, A. Knorr, R. Carter, and S.
Banna, “14nm Ferroelectric FInFET technology with steep subthreshold slope for ultra low power applications,” in /EEE International Electron
Devices Meeting (IEDM), Dec. 2017, pp. 15.1.1-15.1.4. DOI: 10.1109/IEDM.2017.8268393.

[17] C.-C. Fan, C.-H. Cheng, Y.-R. Chen, C. Liu, and C.-Y. Chang, “Energy-efficient HfAIO<inf>x</inf> NCFET: Using gate strain and defect
passivation to realize nearly hysteresis-free sub-25mV/dec switch with ultralow leakage,” in IEEE International Electron Devices Meeting
(IEDM), Dec. 2017, pp. 23.2.1-23.2.4. DOI: 10.1109/IEDM.2017.8268444.

[18] R. Huang, X. B. Jiang, S. F. Guo, P. P. Ren, P. Hao, Z. Q. Yu, Z. Zhang, Y. Y. Wang, and R. S. Wang, “Variability- and reliability-aware design
for 16/14nm and beyond technology,” in IEEE International Electron Devices Meeting (IEDM), 2017, vol. 7, pp. 12.4.1-12.4.4, DOLI:
10.1109/IEDM.2017.8268378.

[19] M. Masuduzzaman, D. Varghese, J. A. Rodriguez, S. Krishnan, and M. A. Alam, “Observation and control of hot atom damage in ferroelectric
devices,” IEEE Trans. Electron Devices, vol. 61, no. 10, pp. 3490-3498, Oct. 2014. DOI: 10.1109/TED.2014.2347046.

[20] K. Karda, C. Mouli, and M. A. Alam, “Switching Dynamics and Hot Atom Damage in Landau Switches,” IEEE Electron Device Lett., vol. 37, no.
6, pp. 801-804, Jun. 2016. DOI: 10.1109/LED.2016.2562007.

9



[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]

[39]

[40]
[41]

[42]

[43]

[44]
[45]
[46]
[47]
[48]
[49]

[50]

[51]

[52]

M. Pesi¢, C. Kiinneth, M. Hoffmann, H. Mulaosmanovic, S. Miiller, E. T. Breyer, U. Schroeder, A. Kersch, T. Mikolajick, and S. Slesazeck, “A
computational study of hafnia-based ferroelectric memories: from ab initio via physical modeling to circuit models of ferroelectric device,” J.
Comput. Electron., vol. 16, no. 4, pp. 1236-1256, 2017. DOI: 10.1007/s10825-017-1053-0.

C. Alessandri, P. Pandey, A. Abusleme, and A. Seabaugh, “Monte Carlo Simulation of Switching Dynamics in Polycrystalline Ferroelectric
Capacitors,” IEEE Trans. Electron Devices, vol. 66, no. 8, pp. 3527-3534,2019. DOI: 10.1109/ted.2019.2922268.

M. Pesi¢, F. P. G. Fengler, L. Larcher, A. Padovani, T. Schenk, E. D. Grimley, X. Sang, J. M. LeBeau, S. Slesazeck, U. Schroeder, and T.
Mikolajick, “Physical Mechanisms behind the Field-Cycling Behavior of HfO2-Based Ferroelectric Capacitors,” Adv. Funct. Mater., vol. 26, no.
25, pp. 4601-4612, 2016. DOI: 10.1002/adfm.201600590.

W. Cao and K. Banerjee, “Is negative capacitance FET a steep-slope logic switch?,” Nat. Commun., vol. 11, no. 1, pp. 1-8, Dec. 2020. DOI:
10.1038/s41467-019-13797-9.

M. Hoffmann, B. Max, T. Mittmann, U. Schroeder, S. Slesazeck, and T. Mikolajick, “Demonstration of High-speed Hysteresis-free Negative
Capacitance in Ferroelectric Hf0.5Zr0.502,” in I[EEE International Electron Devices Meeting (IEDM), Dec. 2018, pp. 31.6.1-31.6.4. DOI:
10.1109/IEDM.2018.8614677.

G. Pahwa, T. Dutta, A. Agarwal, S. Khandelwal, S. Salahuddin, C. Hu, and Y. S. Chauhan, “Analysis and Compact Modeling of Negative
Capacitance Transistor with High ON-Current and Negative Output Differential Resistance - Part II: Model Validation,” IEEE Trans. Electron
Devices, vol. 63, no. 12, pp. 4986—4992, Dec. 2016. DOI: 10.1109/TED.2016.2614436.

H. P. Chen, V. C. Lee, A. Ohoka, J. Xiang, and Y. Taur, “Modeling and design of ferroelectric MOSFETS,” IEEE Trans. Electron Devices, vol.
58, no. 8, pp. 2401-2405, Aug. 2011. DOIL: 10.1109/TED.2011.2155067.

N. Zagni, P. Pavan, and M. A. Alam, “A memory window expression to evaluate the endurance of ferroelectric FETSs,” Appl. Phys. Lett., vol. 117,
no. 15, p. 152901, Oct. 2020. DOI: 10.1063/5.0021081.

T. Ali, P. Polakowski, S. Riedel, T. Biittner, T. Kampfe, M. Rudolph, B. Pitzold, K. Seidel, D. Lohr, R. Hoffmann, M. Czernohorsky, K. Kiihnel,
X. Thrun, N. Hanisch, P. Steinke, J. Calvo, and J. Miiller, “Silicon doped hafnium oxide (HSO) and hafnium zirconium oxide (HZO) based
FeFET: A material relation to device physics,” Appl. Phys. Lett., vol. 112, no. 22, p. 222903, Jun. 2018. DOI: 10.1063/1.5029324.

K. Ni, P. Sharma, J. Zhang, M. Jerry, J. A. Smith, K. Tapily, R. Clark, S. Mahapatra, and S. Datta, “Critical Role of Interlayer in Hf 0.5 Zr 0.5 O 2
Ferroelectric FET Nonvolatile Memory Performance,” IEEE Trans. Electron Devices, vol. 65, no. 6, pp. 2461-2469, Jun. 2018. DOI:
10.1109/TED.2018.2829122.

T. Mikolajick, S. Slesazeck, M. H. Park, and U. Schroeder, “Ferroelectric hafnium oxide for ferroelectric random-access memories and
ferroelectric field-effect transistors,” MRS Bull., vol. 43, no. 5, pp. 340-346, May 2018. DOI: 10.1557/mrs.2018.92.

H.T. Lue, C. J. Wu, and T. Y. Tseng, “Device modeling of ferroelectric memory field-effect transistor (FeMFET),” IEEE Trans. Electron
Devices, vol. 49, no. 10, pp. 17901798, Oct. 2002. DOI: 10.1109/TED.2002.803626.

H. Mulaosmanovic, E. T. Breyer, T. Mikolajick, and S. Slesazeck, “Ferroelectric FETs With 20-nm-Thick HfO 2 Layer for Large Memory
Window and High Performance,” IEEE Trans. Electron Devices, vol. 66, no. 9, pp. 3828-3833, Sep. 2019. DOI: 10.1109/ted.2019.2930749.

M. Hoffmann, M. Pesié, S. Slesazeck, U. Schroeder, and T. Mikolajick, “On the stabilization of ferroelectric negative capacitance in nanoscale
devices,” Nanoscale, vol. 10, no. 23, pp. 10891-10899, 2018. DOI: 10.1039/c8nr02752h.

B. Zeng, M. Liao, J. Liao, W. Xiao, Q. Peng, S. Zheng, and Y. Zhou, “Program/Erase Cycling Degradation Mechanism of HfO 2 -Based FeFET
Memory Devices,” IEEE Electron Device Lett., vol. 40, no. 5, pp. 710-713, May 2019. DOI: 10.1109/LED.2019.2908084.

A.J. Tan, Y.-H. Liao, L.-C. Wang, N. Shanker, J.-H. Bae, C. Hu, and S. Salahuddin, “Ferroelectric HfO 2 Memory Transistors With High- «
Interfacial Layer and Write Endurance Exceeding 10 10 Cycles,” IEEE Electron Device Lett., vol. 42, no. 7, pp. 994-997, Jul. 2021. DOI:
10.1109/LED.2021.3083219.

IEEE, “International Roadmap for Devices and Systems (IRDS) 2020 - Beyond CMOS,” 2020.

S. Salahuddin, K. Ni, and S. Datta, “The era of hyper-scaling in electronics,” Nat. Electron., vol. 1, no. 8, pp. 442-450, Aug. 2018. DOI:
10.1038/s41928-018-0117-x.

E. Yurchuk, S. Mueller, D. Martin, S. Slesazeck, U. Schroeder, T. Mikolajick, J. Muller, J. Paul, R. Hoffmann, J. Sundqvist, T. Schlosser, R.
Boschke, R. Van Bentum, and M. Trentzsch, “Origin of the endurance degradation in the novel HfO2-based 1T ferroelectric non-volatile
memories,” in [EEE International Reliability Physics Symposium (IRPS), 2014, pp. 2E.5.1-2E.5.5. DOI: 10.1109/IRPS.2014.6860603.

N. Gong and T. P. Ma, “A Study of Endurance Issues in HfO2-Based Ferroelectric Field Effect Transistors: Charge Trapping and Trap
Generation,” IEEE Electron Device Lett., vol. 39, no. 1, pp. 15-18, Jan. 2018. DOI: 10.1109/LED.2017.2776263.

S. Deng, Z. Liu, X. Li, T. P. Ma, and K. Ni, “Guidelines for Ferroelectric FET Reliability Optimization: Charge Matching,” IEEE Electron Device
Lett., vol. 41, no. 9, pp. 1348-1351, Sep. 2020. DOI: 10.1109/LED.2020.3011037.

W. Wei, W. Zhang, F. Wang, X. Ma, Q. Wang, P. Sang, X. Zhan, Y. Li, L. Tai, Q. Luo, H. Lv, and J. Chen, “Deep Insights into the Failure
Mechanisms in Field-cycled Ferroelectric Hf 0.5 Zr 0.5 O 2 Thin Film: TDDB Characterizations and First-Principles Calculations,” in JEEE
International Electron Devices Meeting (IEDM), Dec. 2020, pp. 39.6.1-39.6.4. DOI: 10.1109/IEDM13553.2020.9371932.

Y. Chen, C. Su, T. Yang, C. Hu, and T.-L. Wu, “Improved TDDB Reliability and Interface States in 5-nm Hf 0.5 Zr 0.5 O 2 Ferroelectric
Technologies Using NH 3 Plasma and Microwave Annealing,” IEEE Trans. Electron Devices, vol. 67, no. 4, pp. 1581-1585, Apr. 2020. DOI:
10.1109/TED.2020.2973652.

M. Si and P. D. Ye, “The Critical Role of Charge Balance on the Memory Characteristics of Ferroelectric Field-Effect Transistors,” arXiv, pp. 1-6,
May 2021.

M. A. Alam, “A Critical Examination of the Mechanics of Dynamic NBTI for PMOSFETs,” in Technical Digest - International Electron Devices
Meeting, 2003, pp. 345-348. DOI: 10.1109/iedm.2003.1269295.

K. Karda, C. Mouli, and M. A. Alam, “Design Principles of Self-Compensated NBTI-Free Negative Capacitor FinFET,” IEEE Trans. Electron
Devices, vol. 67, no. 6, pp. 2238-2242, Apr. 2020. DOI: 10.1109/TED.2020.2983634.

T. Rollo and D. Esseni, “Influence of interface traps on ferroelectric NC-FETs,” IEEE Electron Device Lett., vol. 39, no. 7, pp. 1100-1103, 2018.
DOLI: 10.1109/LED.2018.2842087.

O. Prakash, A. Gupta, G. Pahwa, J. Henkel, Y. S. Chauhan, and H. Amrouch, “Impact of Interface Traps on Negative Capacitance Transistor:
Device and Circuit Reliability,” IEEE J. Electron Devices Soc., vol. 8, no. August, pp. 1193-1201, 2020. DOI: 10.1109/JEDS.2020.3022180.

K. Chatterjee, A. J. Rosner, and S. Salahuddin, “Intrinsic speed limit of negative capacitance transistors,” I[EEE Electron Device Lett., vol. 38, no.
9, pp. 1328-1330, Sep. 2017. DOI: 10.1109/LED.2017.2731343.

K. Florent, S. Lavizzari, L. Di Piazza, M. Popovici, J. Duan, G. Groeseneken, and J. Van Houdt, “Reliability Study of Ferroelectric A:HfO2 Thin
Films for DRAM and NAND Applications,” IEEE Trans. Electron Devices, vol. 64, no. 10, pp. 4091-4098, 2017. DOL:
10.1109/TED.2017.2742549.

Y. S. Liu and P. Su, “Variability Analysis for Ferroelectric FET Nonvolatile Memories Considering Random Ferroelectric-Dielectric Phase
Distribution,” IEEE Electron Device Lett., vol. 41, no. 3, pp. 369-372, 2020. DOI: 10.1109/LED.2020.2967423.

L. Grenouillet, T. Francois, J. Coignus, S. Kerdiles, N. Vaxelaire, C. Carabasse, F. Mehmood, S. Chevalliez, C. Pellissier, F. Triozon, F. Mazen,
G. Rodriguez, T. Magis, V. Havel, S. Slesazeck, F. Gaillard, U. Schroeder, T. Mikolajick, and E. Nowak, “Nanosecond Laser Anneal (NLA) for
Si-implanted HfO2 Ferroelectric Memories Integrated in Back-End of Line (BEOL),” in VLSI Technology Symposium, 2020, p. TF2.3-TF2.4.

10



[53]

[54]
[55]
[56]

[57]

[58]

[59]

[60]
[61]
[62]
[63]

[64]

[65]
[66]
[67]
[68]
[69]

[70]

[71]

[72]

DOI: 10.1109/VLSITechnology18217.2020.9265061.

K. Florent, A. Subirats, S. Lavizzari, R. Degraeve, U. Celano, B. Kaczer, L. Di Piazza, M. Popovici, G. Groeseneken, and J. Van Houdt,
“Investigation of the endurance of FE-HfO2 devices by means of TDDB studies,” in /EEE International Reliability Physics Symposium
Proceedings, 2018, vol. 2018-March, pp. 6D.31-6D.37. DOI: 10.1109/IRPS.2018.8353634.

M. A. Alam, B. Weir, J. Bude, P. Silverman, and D. Monroe, “Explanation of soft and hard breakdown and its consequences for area scaling,” in
IEEE International Electron Devices Meeting (IEDM), 1999, pp. 449-452. DOI: 10.1109/iedm.1999.824190.

M. A. Alam, R. K. Smith, B. E. Weir, and P. J. Silverman, “Uncorrelated breakdown of integrated circuits,” Nature, vol. 420, no. 6914, pp. 378—
378, 2002. DOI: 10.1038/420378a.

M. A. Alam and R. K. Smith, “A phenomenological theory of correlated multiple soft-breakdown events in ultra-thin gate dielectrics,” in [EEE
International Reliability Physics Symposium (IRPS), 2003, vol. 2003-Janua, pp. 406—411. DOI: 10.1109/RELPHY.2003.1197782.

E. Yurchuk, J. Muller, S. Muller, J. Paul, M. Pesic, R. Van Bentum, U. Schroeder, and T. Mikolajick, “Charge-Trapping Phenomena in HfO 2 -
Based FeFET-Type Nonvolatile Memories,” IEEE Trans. Electron Devices, vol. 63, no. 9, pp. 3501-3507, 2016. DOI:
10.1109/TED.2016.2588439.

A. L. Khan, U. Radhakrishna, K. Chatterjee, S. Salahuddin, and D. A. Antoniadis, “Negative Capacitance Behavior in a Leaky Ferroelectric,” IEEE
Trans. Electron Devices, vol. 63, no. 11, pp. 4416-4422, Nov. 2016. DOI: 10.1109/TED.2016.2612656.

A.J. Tan, M. Pesic, L. Larcher, Y. H. Liao, L. C. Wang, J. H. Bae, C. Hu, and S. Salahuddin, “Hot Electrons as the Dominant Source of
Degradation for Sub-5nm HZO FeFETSs,” in VLSI Technology Symposium, 2020, pp. 2020-2021. DOI:
10.1109/VLSITechnology18217.2020.9265067.

H. Mulaosmanovic, E. T. Breyer, T. Mikolajick, and S. Slesazeck, “Recovery of Cycling Endurance Failure in Ferroelectric FETs by Self-
Heating,” IEEE Electron Device Lett., vol. 40, no. 2, pp. 216-219, Feb. 2019. DOI: 10.1109/LED.2018.2889412.

O. Prakash, G. Pahwa, C. K. Dabhi, Y. S. Chauhan, and H. Amrouch, “Impact of Self-Heating on Negative-Capacitance FInFET: Device-Circuit
Interaction,” IEEE Trans. Electron Devices, vol. 68, no. 4, pp. 1420-1424, Apr. 2021. DOI: 10.1109/TED.2021.3059180.

K.-Y. Chen, Y.-S. Tsai, and Y.-H. Wu, “ Ionizing Radiation Effect on Memory Characteristics for HfO 2 -Based Ferroelectric Field-Effect
Transistors ,” IEEE Electron Device Lett., vol. 40, no. 9, pp. 1370-1373, 2019. DOI: 10.1109/1ed.2019.2931826.

G. Bajpai, A. Gupta, O. Prakash, G. Pahwa, J. Henkel, Y. S. Chauhan, and H. Amrouch, “Impact of Radiation on Negative Capacitance FinFET,”
IEEE Int. Reliab. Phys. Symp. Proc., vol. 2020-April, pp. 6-10, 2020. DOI: 10.1109/IRPS45951.2020.9129165.

A. Gupta, G. Bajpai, P. Singhal, N. Bagga, O. Prakash, S. Banchhor, H. Amrouch, and N. Chauhan, “Traps Based Reliability Barrier on
Performance and Revealing Early Ageing in Negative Capacitance FET,” IEEE Int. Reliab. Phys. Symp. Proc., vol. 2021-March, pp. 21-26, 2021.
DOI: 10.1109/IRPS46558.2021.9405185.

P. Chandra and P. B. Littlewood, “A Landau Primer for Ferroelectrics,” in Physics of Ferroelectrics - A Modern Perspective, 1st ed., vol. 105, K.
M. Rabe, C. H. Ahn, and J.-M. Triscone, Eds. New York: Springer, 2007, pp. 69—116.

M. Hoffmann, S. Slesazeck, T. Mikolajick, and C. S. Hwang, “Negative capacitance in HfO2- and ZrO2-based ferroelectrics,” Ferroelectr. Doped
Hafnium Oxide Mater. Prop. Devices, pp. 473—493, 2019. DOI: 10.1016/B978-0-08-102430-0.00023-1.

J. C. Wong and S. Salahuddin, “Negative Capacitance Transistors,” Proc. [EEE, vol. 107, no. 1, pp. 4962, Jan. 2019. DOI:
10.1109/JPROC.2018.2884518.

A. 1. Khan, K. Chatterjee, B. Wang, S. Drapcho, L. You, C. Serrao, S. R. Bakaul, R. Ramesh, and S. Salahuddin, “Negative capacitance in a
ferroelectric capacitor,” Nat. Mater., vol. 14, no. 2, pp. 182—186, Feb. 2015. DOI: 10.1038/nmat4148.

C. Jin, T. Saraya, T. Hiramoto, and M. Kobayashi, “On the Physical Mechanism of Transient Negative Capacitance Effect in Deep Subthreshold
Region,” IEEE J. Electron Devices Soc., vol. 7, no. March, pp. 369-374, 2019. DOI: 10.1109/JEDS.2019.2899727.

A. K. Saha, P. Sharma, I. Dabo, and S. K. Gupta, “Ferroelectric Transistor Model based on Self-Consistent Solution of 2D Poisson’s, Non
Equilibrium Green’s Function and Multi-Domain Landau Khalatnikov Equations,” in IEEE International Electron Devices Meeting (IEDM), 2017,
pp- 326-329. ISBN: 9781538635599.

H. Mulaosmanovic, J. Ocker, S. Miiller, U. Schroeder, J. Miiller, P. Polakowski, S. Flachowsky, R. van Bentum, T. Mikolajick, and S. Slesazeck,
“Switching kinetics in nanoscale hafnium oxide based ferroelectric field-effect transistors,” ACS Appl. Mater. Interfaces, vol. 9, no. 4, pp. 3792—
3798, 2017. DOI: 10.1021/acsami.6b13866.

M.-Y.Y.Kao, A. B. Sachid, Y.-K. K. Lin, Y.-H. H. Liao, H. Agarwal, P. Kushwaha, J. P. Duarte, H.-L. L. Chang, S. Salahuddin, and C. Hu,
“Variation Caused by Spatial Distribution of Dielectric and Ferroelectric Grains in a Negative Capacitance Field-Effect Transistor,” [EEE Trans.
Electron Devices, vol. 65, no. 10, pp. 4652—4658, Oct. 2018. DOI: 10.1109/TED.2018.2864971.

11



