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REVIEWS

Ferroelectric negative capacitance

voltage amplification.

The capacitor is one of the most basic components of
electronic devices (BOX 1) and is characterized by its
capacitance C, which relates the charges +Q on the plates
of the capacitor to the voltage V between them as Q=CV.
The capacitance further relates the electrical energy U
stored in the capacitor to its charge, U= Q?/(2C). This
electrostatic energy is positive definite', and thus the
capacitance is a positive quantity. In fact, according
to the principle of minimum energy, a capacitor with
negative capacitance (NC) would charge spontaneously.

Despite this fundamental constraint, the hypothetical
virtues of electronic circuits containing NC components
have long attracted the interest of electrical engineers™.
The realization of NC behaviour in ferroelectrics was
first proposed by Landauer in 1976 (REF). Indeed, the
appearance of a spontaneous polarization in a ferro-
electric slab is reminiscent of the spontaneous charging
of a capacitor with NC (BOX 1). Thanks to the landmark
works of Bratkovsky and Levanyuk®’, today we know
that an effective NC response is a hallmark of ferro-
electric domain structures with partial screening. The
possibility of NC-based voltage amplification, envi-
sioned by Salahuddin and Datta'’, further increased
the interest in ferroelectric NC effects''-'*. In particular,
ferroelectric NC can be used to overcome the so-called
Boltzmann tyranny that limits the performance of
conventional transistors (FIC. 1). This possibility ena-
bles ultralow-power nanoelectronic applications with
the potential to resolve the energy challenge associ-
ated with very-large-scale-integration technologies.
The current outburst of activity in the NC field is also
related to the emergence of new HfO,-based ferroelectric
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Abstract | The capacitor is a key element of electronic devices and is characterized by positive
capacitance. However, a negative capacitance (NC) behaviour may occur in certain cases

and implies a local voltage drop opposed to the overall applied bias. Therefore, a local NC
response results in voltage enhancement across the rest of the circuit. Within a suitably
designed heterostructure, ferroelectrics display such an NC effect, and various ferroelectric-
based microelectronic and nanoelectronic devices have been developed, showing improved
performance attributed to NC. However, the exact physical nature of the NC response and direct
experimental evidence remain elusive or controversial thus far. In this Review, we discuss the
physical mechanisms responsible for ferroelectric NC, tackling static and transient NC responses.
We examine ferroelectric responses to voltage and charge, as well as ferroelectric switching,

and discuss proof-of-concept experiments and possibilities for device implementation. Finally,
we highlight different approaches for the optimization of the intrinsic NC response to maximize

materials'>~'%, which outperform traditional perovskite

oxides in terms of complementary metal-oxide-
semiconductor compatibility. Ferroelectric NC is cur-
rently explored not only in proof-of-principle experiments
and modelling but also for materials optimization and
device implementation. Thus, this field gathers often
distant research communities, including physicists,
materials scientists and electrical engineers. Therefore,
fundamental concepts, including terminology, need to
be clarified, and a common ground for NC research
needs to be established.

Global versus local capacitance

The fundamental principle of minimum energy states
that capacitance cannot be negative. This principle is
global and applies to the capacitor as a whole; how-
ever, it allows considerable flexibility at the local level.
An inhomogeneous capacitor with two dielectrics
between the plates can be modelled as two capacitors
in series C, and C, (FIG. 1a). The overall capacitance is
then C=(C;'+C; 1)_1, which needs to be positive owing
to thermodynamic stability. However, this relation is
also true if one of the local effective capacitances, for
example, C,, is negative, as long as the condition C>0
is fulfilled.

In this scenario, the application of an external voltage
Vresults in V, = V(1+ C,/C,)™ at the interface between
the two dielectrics, such that V, /V>1 if C, <0. That
is, NC of one part of the system enables amplification
of the voltage at the interface (FIG. 1b). Contrary to the
usual decrease in the overall capacitance when a regular
(positive) capacitance is added in series, the addition of
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NC increases the total capacitance of the system. This
capacitance boost is one of the hallmarks of NC.

The definition of capacitance as C=Q/V is valid
only for a linear dielectric capacitor, in which such

Box 1| Capacitance and ferroelectrics

Capacitance

The capacitance C refers to the mutual capacitance between two conductors

(in contrast to the self-capacitance of an isolated conductor). Ideally, C is entirely
determined by the geometry of the capacitor and the dielectric response of the medium
between the plates. For the parallel-plate linear capacitor (see the figure, panel a),
C=¢A/d, where A is the area of the plates, d is the distance between them and € is the
permittivity of the linear dielectric medium (from Maxwell’s equations). Capacitors are
usually represented as shown in the figure, panel b; a positive applied voltage (V>0)
charges the plates (Q>0), creating an electric field (E=V/d, arrows shown in the figure,
panelb) in the dielectric.

Ferroelectrics

Ferroelectric materials undergo a transformation from a nonpolar paraelectric phase to a
phase with switchable, spontaneous electric polarization P, which can be inhomogeneous
in a multidomain state. According to the Landau theory of phase transitions, polarization
is taken as the order parameter; the corresponding free energy is shown in the figure,
panel c. This energy can be obtained from first principles, and its functional derivative
defines the constitutive equation P(E) (or D(E), where D is the displacement field) of the
ferroelectric. This equation, together with the Maxwell-Faraday equation and Gauss’ law
(that is, Maxwell’s equations), determines the electric response of the system and
therefore the corresponding capacitance of a ferroelectric capacitor.

Depolarizing fields

Depolarizing fields appear when there is a non-vanishing polarization bound charge
Prouna=—V * P. These fields (black arrows shown in the figure, panel d, representing an
infinite ferroelectric slab) unavoidably occur in ferroelectrics if the spontaneous
polarization is normal to the sample surfaces, contributing to the energy of the system.

Domains and domain walls

A ferroelectric domain is a region in which the electric polarization can be considered as
approximately uniform. In a multidomain state (see the figure, panel e), polarization of
different domains is oriented along different directions, and the domains are separated
by domain walls. The domain wall self-energy increases the overall energy; however, the
energy of the depolarizing or stray fields (black arrows shown in the figure, panel e)
decreases as domains become narrower. This antagonism determines the spontaneous

occurrence of domains.
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capacitance coincides with the differential capacitance
C=dQ/dV. The differential capacitance is the phys-
ically relevant quantity for nonlinear dielectrics such
as ferroelectrics (BOX 2). Another important consider-
ation pertains to the capacitance and its relation to the
dielectric permittivity. A positive global capacitance
implies that the application of an external electric
field E, , is followed by the displacement field D (that
is, the charge) such that AD/AE,_ >0. The permittiv-
ity e(r) = &, '6D(r) /E(r) at point r gives the change in
displacement field D(r) in response to a variation in the
local electric field E(r) (g, is the vacuum permittivity).
Owing to the long-range character of Coulomb inter-
actions, &(r) depends on the response of the material
in regions distant from r, which makes its behaviour
not obvious. In particular, nothing prevents it from
being locally negative, such that the change in D(r)
opposes the change in E(r). By contrast, a change in
D(r) is expected to follow the change in the external
electric field E, , resulting in a positive AD(r)/AE, . The
local capacitance, or capacitance of part of a system, is
essentially equal to the local e(r), except for geometric
factors, and therefore can be negative. Note that this
definition of a ‘local’ capacitance based on &(r) is not
standard; the usual definition of capacitance pertains
to a whole system and is related to the total effective €.
Finally, note that the local permittivity is a static equilib-
rium quantity and not directly related to the refractive
index at optical frequencies. Therefore, a negative local
permittivity does not automatically imply an anomalous
refractive index.

Ferroelectric NC

Response to voltage and charge. The key to obtain-
ing NC is to exploit an inherent instability that directly
couples to the electric field. A variety of systems with
such instabilities have been proposed’-*'; however, the
best-studied instability is the ferroelectric transition in
ferroelectric materials (BOXES 1,2).

Let us examine the behaviour of a ferroelectric capa-
citor’ assuming a uniform polarization within the ferro-
electric (that is, there are no domains). In a typical setup,
the capacitor is driven by a voltage source V, and the
charge on the capacitor plates Q is measured by integrat-
ing the displacement current flowing through the circuit.
In the ferroelectric phase, the constitutive Q(V) rela-
tion becomes a multi-valued S-shaped function (BOX 2)
with a negative-slope segment that would enable NC.
However, this segment is unstable, and consequently,
for any applied voltage within this multi-valued region,
the actual charge of an adiabatic voltage-driven process
corresponds to one of the two branches with positive
slope, that is, positive capacitance. This behaviour results
in a hysteresis, usually observed in the measured Q(V)
and C(V) (BOX 2).

By contrast, if the ferroelectric capacitor is driven by
a charge, the multi-valued S-shaped Q(V) function is
flipped, becoming an N-shaped V(Q) relation (BOX 2).
The N-shaped V(Q) curve is a single-valued func-
tion, which also includes the point (V=0, Q=0) and a
negative-slope region around it. Thus, by controlling the
charge Q, the NC behaviour becomes accessible.
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Fig. 1| Negative capacitance for voltage amplification. a| Schematic of a composite dielectric, modelled as two
capacitors, C, and C,, in series. V,  is the voltage at the interface between C, and C,, which can be written as a function
of the external voltage V: V,, = V/(1+C,/C,).b| The voltage ratio V, /V as a function of C; " for a fixed positive value of
Cz_1 shows the allowed regime of negative capacitance (NC) that leads to voltage enhancement. ¢ | Schematic of a
field-effect transistor (FET) showing the effective inhomogeneous capacitance for the gate dielectric (C,) and channel
(C, or series capacitance C). In ferroelectric FETs, the gate dielectric is replaced by a ferroelectric that can operate in its

NC regime (C, or ferroelectric capacitance C)).d | In NC-FETs, for C;<0, the theoretical limit (Boltzmann tyranny) for the

subthreshold swing can be overcome. |, current; Q, electric charge;

V..., gate potential.

gate’

Incipient ferroelectricity. A simple way of controlling
charge is to connect an ideal ferroelectric capacitor in
series with a regular dielectric capacitor'’. For example,
in the setup discussed above, C, can be understood as
the ferroelectric capacitance (C;), and C, as the series
capacitance (C) (FIG. 1¢,d). The two capacitors must have
the same charge on their plates and thus are electrostati-
cally coupled. The accessible values of charge can then be
graphically deduced (BOX 2). For small C, values (that is,
for a capacitor made of a dielectrically stiff material), the
effect of the series capacitance is to suppress the sponta-
neous polarization in the ferroelectric and thus to stabil-
ize the paraelectric state even if the ferroelectric is below
its nominal transition temperature (FIG. 2). In this region,
the system becomes an incipient ferroelectric, and NC is
realized in the ferroelectric stack (FIG. 3a)*. The internal
voltage drop in the ferroelectric is opposed to the overall
external bias, which automatically leads to an increase in
voltage at the interface.

Conceptually, the effect of the series capacitor is
identical to that of the well-studied ‘dead layers’ or
finite screening lengths at the metal-ferroelectric
interfaces in a ferroelectric capacitor®**, at the dielec-
tric layers in ferroelectric-dielectric superlattices and
multilayers®**” and in the semiconductor channel of a
field-effect transistor (FET) (FIC. 1). Thus, these sys-
tems display NC in the appropriate temperature range
and can serve as model systems for the experimen-
tal and theoretical investigation of NC. Importantly,
although the experimentally controlled parameter is
often the total applied voltage, the state of the ferro-
electric component is determined by the charge on the

corresponding series capacitance C,, allowing effective
charge control.

The incipient ferroelectric NC regime is physically
realized by the incomplete screening of the polarization
bound charges that would produce a depolarizing field
(BOX 1)*%. The emergence of this field implies an energy
penalty (and thus additional stiffness), which, together
with the energy cost of charging the coupled series
capacitor, shifts the homogeneous ferroelectric insta-
bility down to T, which is below the nominal transi-
tion temperature T,. Accordingly, the paraelectric state
(V=0, Q=0) is preserved below T, until the eventual
transition point is reached (FIG. 2).

The different states of the ferroelectric are accessi-
ble by changing the temperature (FIG. 2). Although the
NC regime also continues below T, into the homoge-
neous ferroelectric phase, it may be accompanied by a
hysteresis, which is undesirable for low-power appli-
cations. Therefore, for devices, the temperature range
of interest corresponds to the incipient ferroelectric
regime T, < T< T,. The maximum voltage amplifica-
tion at the interface occurs at T, (REF*), at which the
slope of the Q(V}) curve at V;=0is —C,, that is, the total
capacitance of the system diverges — this condition is
usually referred to as capacitance matching (FIG. 2). This
occurs at a specific temperature for a specific value of C,
which presents a challenge for the design of NC devices
in which such a non-ferroelectric capacitance exhibits
large variations; for example, in NC-FETs, in which
the channel is driven between depletion and inversion.
Therefore, optimization of capacitance matching in
NC devices is an active area of research*”**. Finally, as we
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Box 2 | Ferroelectric response

The intrinsic response of a ferroelectric to an applied
voltage V (or an applied electric field E=V/d, where d is
defined in panel a of the figure in (BOX 1) is fundamentally
different from the response to an external ‘capacitive’
charge Q at the interfaces of the ferroelectric (equivalent
to constraining the displacement field D=Q/A, where A is
defined in panel a of the figure in (BOX 1)). Accordingly, the
constitutive relations Q(V) (or D(E)) and V(Q) (or E(D))

(see the figure, panels a and b) show different behaviours.
These constitutive relations determine the (nonlinear)
differential capacitance C(V,)=dQ/dV, defined at the
operating voltage V,, and its inverse function C%(Q,) =
dV/dQ, defined at the operating charge Q, (see the figure,
panels c and d). The multi-valued character of the
constitutive equation Q(V) in the negative capacitance
(NC) region prevents the stabilization of the NC state
(dashed lines in the blue Q(V) curve shown in the figure,
panel a) by controlling V. By contrast, the constitutive
equation V(Q) becomes a single-valued function, which
enables the physical realization of the (static) NC regime by
controlling the charge Q.

Key equations
The simplest Landau free energy F for a ferroelectric and
the corresponding equilibrium constitutive equation are

2P4—EP9aP+bP3:

an2
F= ) P°+ (8)
where P is the electric polarization. The change from a>0
(paraelectric) to a<O0 (ferroelectric) marks the (second
order) transition. For a parallel-plate capacitor geometry
(BOX 1),P(D)=D-¢, E= (9 - %K)v where ¢, is the vacuum
permittivity. Therefore, the equilibrium condition can be
rewritten as

e b o-cv)- cfv 9)

where C,= eod is the capacitance that would be associated

figure, panel b) constitutive equations.

Series capacitors

Two capacitors in series have the same charge. Thus, for an externally applied bias V=V, +
capacitor (C)) in series with a regular capacitor (C,) is given by the points of intersection between the ferroelectric

a b
V.E
. Q.D
/:
c c d 1/C
V,E \_/ Q,D

— Paraelectric (a>0)  — Ferroelectric (a<0) ‘

e Dielectrically soft Dielectrically stiff

(large Cs) (small Cs)
Regular ferroelectric Incipient ferroelectric
behaviour NC
Q

—Q,=C(V-V,) — Q(V)

with an empty capacitor, while C(O) (1+ —)CO is the capacitance of the ferroelectric at zero applied voltage.
This equation can be used to derlve the voltage control (Q(V), see the figure, panel a) or charge-control (V(Q), see the

V., the charge of a ferroelectric

S-shaped Q((V)) curve and the load line of the dielectric Q,=C (V- V) (see the figure, panel e). For large C, (dielectrically
soft series capacitor), three possible solutions at small V exist: two (meta)stable solutions (solid circles in panel €) and one
unstable solution (open circle in the figure, panel e). The (meta)stable solutions trace the typical hysteresis loop of a
ferroelectric as a function of V. By contrast, for sufficiently small C, (dielectrically stiff series capacitor), the only solution

cool down below T, a single-domain ferroelectric
polarization develops, causing an increase in C, which

may eventually become positive (FIC. 2).

Multidomain ferroelectricity. The assumption that the
state of the ferroelectric is perfectly uniform holds true
in the paraelectric and incipient ferroelectric regimes.
However, the appearance of ferroelectricity generally
implies the emergence of ferroelectric domains. The
reason is again related to the depolarizing field: com-
pared with the single-domain state, multidomain ferro-
electricity confines the depolarizing field to distances

at V=0is Q=0. Upon application of a positive V, this solution shifts to negative V,, resulting in a negative differential
capacitance C;=dQ,/dV,<0, which corresponds to the incipient ferroelectric NC regime.

on the order of the size of the domains and thus dras-
tically reduces its energy (BOX 1). Therefore, the multi-
domain state tends to emerge at a temperature T,
which is closer to the nominal transition temperature
(T, < T,) than to the theoretical single-domain insta-
bility (TT > Tﬁ)z“” (FIG. 2). Consequently, multidomain
physics becomes essential for the interpretation and
implementation of ferroelectric NC beyond the incipient
ferroelectric regime.

A simple and illustrative case is a 180° Kittel domain
pattern (FIC. 3b). In a 180° Kittel domain pattern, the
widths of the up and down domains are equal (w,=w,)
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ferroelectric NC ferroelectric NC
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T —V, V-1

Fig. 2 | Negative capacitance regimes. The temperature (T) dependence of the
capacitance C (black curve) of a capacitor stack is shown. C; corresponds to a
ferroelectric and is strongly T-dependent (blue curve); C_(grey line) represents
adielectric and is assumed to be constant. At high T, the behaviour of the stack is
normal, with C_and C; greater than 0. Below the nominal transition temperature T, the
ferroelectric develops an intrinsic instability (C,<0), but the presence of the dielectric
prevents the occurrence of a phase transition, leading to negative capacitance (NC)
behaviour in the incipient ferroelectric regime. The ferroelectric then transforms into a
multidomain state at T=T,. Typically, Cf’1 increases at this point, reflecting the fact that
the ferroelectric becomes less responsive owing to the energy cost of moving domain
walls. However, for T<T, , and as long as C;* remains negative, the ferroelectric
multidomain state presents an NC response. If the formation of ferroelectric domains

is precluded, Cf_1 follows the dashed blue line and increases below a temperature T,,,

at which the transition to a single-domain ferroelectric state occurs. The voltage
amplification ratio V, /V is at its maximum for the smallest C;*, which typically coincides
with T, (solid red line), unless the formation of domains is precluded and the ferroelectric
transition occurs at T, (at which the amplification would become infinite; dashed red and
black lines). Of note, the multidomain NC regime can in principle extend down to 0K.
Similarly, T,, can also be negative, such that the transition to a single ferroelectric domain
never occurs; there is no fundamental reason preventing such behaviours.

in the absence of external bias, which leads to the crea-
tion of macroscopically charge-neutral interfaces. In the
presence of a bias, the domain walls are displaced, which
causes the expansion (or shrinking) of the domains that
are aligned with (or against) the corresponding external
field, such that the external charge is matched through
the imbalance u = (w,-w,)/2#0. If the inhomogen-
eous stray fields are neglected, and in the absence of any
pinning, the domain walls have no obstacle to perfectly
screen the charge. This response is equivalent to having
infinite capacitance (FIC. 3b). However, in real systems,
the stray fields cannot be neglected, because their asso-
ciated energy changes when the system reacts to the bias.
These energy changes can be calculated in the differ-
ent limits of the Kittel model®**, demonstrating that
an additional increase in the imbalance magnitude |u|
reduces the overall energy. Therefore, the multidomain
state overscreens the external charge, which then leads
to an NC behaviour (FIG. 3c).

The origin of overscreening can be explained by
introducing universal symmetry arguments®'. In the

REVIEWS

multidomain state (FIC. 4a), the change in the free energy
of the ferroelectric due to its net polarization can be
written as

(1
F~C[2’“1 +QQ] (1

where C and « are material-dependent constants, Q is
the external capacitive charge brought to the inter-
faces of the ferroelectric by the applied bias and, in the
simplest case, the polarization bound charge g can be
taken as g = (u/w)P,A, in which P, is the spontaneous
polarization of the domains, A is the interfacial area,
w=(w, +w,)/2 is the average domain width and u is
the imbalance, as defined above. The energy is then
minimized for

q=-Q/x 2

Here, only one degree of freedom of the multidomain
state is considered, thus implicitly ignoring inhomo-
geneous stray fields. The case of perfect compensation
mentioned above (that is, g=—Q) is then obtained for
k=1 (FIG. 4D).

However, the response of a multidomain state to the
external charge Q involves additional degrees of free-
dom. These can be described by bound-charge density
waves compatible with the multidomain periodicity
and that effectively incorporate the aforementioned
depolarizing field effects (FIC. 4). If ¢’ denotes the wave
sketched in FIC. 4c, which is polar and thus contributes
to the linear dielectric response of the multidomain
state, a more complete expression for the energy F can
be written as

1 1 2 1 3y ’
Fx~—|—xq*+— +8qq’ + 3
clZ*a oK o0 Qq (3)

The key additional feature is the bilinear coupling §
between g and q’, which is specific to and universally pres-
ent in multidomain states. This coupling is responsible
for the coordinated response of g and q'. In the particu-
lar case of the q’-wave (FIG. 4c), § accounts for the fact
that the polarizability of the domain wall regions is differ-
ent (presumably much larger) from that of the domains.
Thus, § can be expected to be strong.
Minimization of equation 3 over g’ yields

1(1
Fr~=|—x.q*+
c[zK*q Qq

(4)

where k.=« - §%/(2«’). Compared with equation 1, the
additional degrees of freedom that are active in the multi-
domain state produce an effective renormalization of the
polarization stiffness k—«. <k, which softens the system.
Note that x. must be positive so that the net polarization
of the multidomain state is zero in the absence of exter-
nal bias. However, the renormalized stiffness can become
very small; in particular, we can have x. <1, and therefore
the relation

lal=1Ql/x.>1Ql (5)
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holds true in the corresponding equilibrium state
(that is, after minimization over g). This results in the
overscreening of the external charge Q and thus NC
behaviour (FIG. 30).

These relations can be considered universal: ferro-
electric multidomain states always present inhomoge-
neous, symmetry-wise polar charge modulations
that couple bilinearly with the homogeneous charge
(FIC. 4). These inhomogeneous charge waves always
result in an enhanced response, which is essentially
unconstrained and typically leads to NC behaviour.

The case described above, in which the chosen
q’ (FIG. 4¢) highlights the different polarizabilities of
domains and domain walls, is reminiscent of the NC
mechanism found in PbTiO,/SrTiO, superlattices’*
by second-principles atomistic simulations (domain
walls in a high-energy state are very polarizable).

By contrast, Bratkovsky and Levanyuk obtained an
NC effect from a simple Kittel model, in which the
enhanced response is associated with changes in
stray fields around the walls® (the —6%*/(2«’) correc-
tion roughly corresponds to the inhomogeneous
contribution to the computed stiffness). Moreover,
an analytical expression for the effective negative per-
mittivity of the ferroelectric layer for a ferroelectric—
dielectric superlattice model can be derived in terms
of the intrinsic dielectric properties of the individual
materials®, assuming the ferroelectric to be in an
idealized multidomain configuration. This analyti-
cal result” enables further analysis of the conditions
leading to overscreening and NC*>*. Similarly, the NC
response of a model two-domain state, stabilized in a
cylindrical ferroelectric nanocapacitor, has also been
recently discussed™.

a Incipient ferroelectric E, V,
3 — &,E@2)
: — V(2)
: — D(2)
z ] — P(z) D, Q,
| V,/V>1
0
b Ideal multidomain E,V,
Z‘ : . . : Df' Qf
: a N
0
¢ Realistic multidomain E.v,
I z‘ N- 1 [~ D,Q
: “ f f
| V,/V>1 RN
0 0

Fig. 3 | Overscreening and voltage amplification. An incipient ferroelectric state, a multidomain ferroelectric state
with ideal response and a realistic multidomain state are shown for a ferroelectric (blue)—dielectric (grey) stack. Stacks on
the left show the equilibrium state at zero applied bias; stacks in the middle show the variation of the polarization P(z)
(blue lines), displacement D(z) (black lines) and electric €,E(z) (green lines) fields along the capacitor stack for D(z)=D >0
by application of an external bias V> 0; and stacks on the right illustrate the evolution of the potential V(z) (red lines) for
that same external bias V (assuming V(z) =0 at the bottom of the stack, such that the voltage at the interface V, .=V, and

int ™

V,=V-V, ). The curves representing the constitutive equations of the ferroelectric capacitors are shown for the charge-
control scenario. It is assumed that no free carriers exist in the system, such that D(z) = P(z) +¢,E(z) =D for all z. Imposing
D,=Dis equivalent to imposing a charge Q,=A.D; at the dielectric—ferroelectric interface; this control parameter fully
determines the electric field (E;) and voltage drop (V;=dE) in the ferroelectric, as given by the constitutive equation.

a|In the incipient ferroelectric case, a positive D, results in a negative electric field (¢,E,<0) or, equivalently, in an induced
polarization charge that exceeds the external charge (P;> D, =D), leading to an anomalous overscreening of the external
charge in the ferroelectric and an enhanced voltage drop in the dielectric. b | In the ideal multidomain case, the domain
walls move to exactly compensate the external charge (P,= D,;=D), which corresponds to a P(D,) curve that is flat around
D,=0, leading to perfect screening and no amplification. c | In the more realistic multidomain case, the additional energy
gains result in an overscreening of the external charge and thus negative capacitance (NC) behaviour. Typically, the NC
response is not as strong as in the incipient ferroelectric regime (dashed lines in the equation of the state) but is still present.
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The physical mechanisms dominating the NC effect
may be different in different systems or models; however,
a general picture emerges: a ferroelectric multidomain
state has the ability (and tendency) to over-respond
to an applied charge. This behaviour is the core of
multidomain ferroelectric NC.

Ferroelectric switching and transient NC. The NC
behaviour discussed so far refers to the purely static
response, and it is tacitly assumed that the system is able
to adiabatically follow the changes in the applied volt-
age. However, the ferroelectric response can also enable
atemporary reduction in the corresponding voltage V(t)
by increasing the charge Q(f) as a function of time t dur-
ing ferroelectric switching. This behaviour has long been
discussed in the literature”* and has recently been called
transient NC7~"!,

The intrinsic ferroelectric switching dynamics are
typically too fast to be observed in standard experi-
ments; therefore, studies of transient NC have focused
on slowing down the delivery of screening charge
by connecting the ferroelectric capacitor to a series
resistance. Nevertheless, the possibility of observing

a Equilibrium multidomain state (Q=0, P=0)

b Polarization waves condensed in multidomain state (P =0)

Cc

Fig. 4| Multidomain state response. a | Schematic of a multidomain ferroelectric state
with an equilibrium configuration that corresponds to zero macroscopic polarization
(P=0) in the absence of an external charge (Q=0). b | The multidomain state can be
viewed as a superposition of charge waves with no associated net polarization. c| The
linear dielectric response of a multidomain state is complex; in addition to the uniform
response (with the amplitude g), it also involves undulating charge waves (q'). In the
paraelectric state, the g’-wave is nonpolar: positive local dipoles cancel with
symmetry-equivalent negative dipoles, occurring in other regions of the material,
resulting in no macroscopic polarization. Once the multidomain state is condensed, the
q’-wave acquires a polar character: the polar distortions in the domain wall regions add
up and do not exactly cancel with the distortions in the intra-domain regions. The
particular g’-wave shown here is a representative of an infinite series of inhomogeneous
charge modulations that become polar in the multidomain state and thus contribute to
the linear dielectric response of the system. These modulations are the key to
overscreening and to the NC response in a multidomain state.
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non-equilibrium NC during fast polarization switching
has also been discussed™.

Conceptually, the simplest ferroelectric switching is
the so-called homogeneous or domainless switching,
during which the ferroelectric stays in a single-domain
state across the whole sample. This hypothetical switch-
ing has been extensively discussed in the literature*~*,
and it is believed to be observable only under very spe-
cial conditions, at which domain formation is energeti-
cally or kinetically suppressed, for example, in ultrathin
films very close to the Curie point* or on ultrafast
timescales®. In all other cases, switching proceeds by
usual domain nucleation and growth®, and, therefore,
the question remains whether transient NC is possible
during domain-mediated switching".

Indeed, all experimentally reported signatures of
transient NC are accompanied by a strong hysteresis,
which is characteristic of domain-mediated switch-
ing. Such switching involves states in which the energy
exhibits a negative curvature and thus is expected to
exhibit transient NC during the run-away stage that
follows the clearing of the activation barrier. Therefore,
both the nucleation and growth of domains with
reversed polarization can in principle contribute to
transient NC. In reverse-domain nucleation, an energy
barrier needs to be overcome for the formation of
charged domain wall sections that generate strong elec-
tric fields. Domain growth then involves an energy pen-
alty to increase the domain wall area, until the reversed
domains start to coalesce. Thus, explicit consideration
of the energies associated with domain nucleation and
growth is crucial for understanding the experimental
observations and for addressing the question of whether
the observed voltage reduction can be directly mapped
to an effective negative curvature of the free energy**’
or whether it might be an artefact typical of complex
nonlinear systems***.

Simulations of ferroelectric switching have con-
firmed that transient NC can be obtained during the
process of domain nucleation and growth, but it even-
tually disappears at the stage of domain coalescence.
However, ferroelectric switching is difficult to control
owing to its complex stochastic nature in macroscopic
and mesoscopic systems. By contrast, in nanoscale
devices with dimensions on the order of the characteris-
tic size of the nucleating domains®, reversal and growth
of only one ferroelectric domain can be realized, result-
ing in controlled transient NC and in static NC in the
charge-driven case.

Simulations of ferroelectric switching are usu-
ally based on the time-dependent Ginzburg-Landau
model***%*-2 For homogeneous domainless switch-
ing, the polarization dynamics can be described by the
Landau-Khalatnikov dissipative equation

yP(t)=—aP(t) - bP(t)+ V(t)/d (6)

which is the dynamical extension of the constitutive
relation (BOX 2). However, in the more realistic case of
domain-mediated switching, equation 6 has to be sup-
plemented with spatial gradient terms and (long-range)
dipolar forces. In an ideal ferroelectric capacitor, the
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dissipative, time-dependent term on the left-hand side
sets the characteristic timescale for the intrinsic relax-
ational dynamics of the polarization. However, within
a circuit, the time-dependent term also includes any
external series resistance, which slows down the deliv-
ery of the screening charge and, as a result, the switch-
ing process itself; indeed, if the ferroelectric polarization
were to switch more rapidly, the large mismatch between
the polarization and screening charge would lead to a
large depolarizing field, which would reduce polariza-
tion. Therefore, the internal polarization dynamics fol-
low the dynamics of the screening charge, maintaining
a small mismatch between Q/A and P, as dictated by
the appropriate (single-domain or multidomain) static
S-shaped curve. The charge could be delivered arbitra-
rily slowly and thus the NC region could, in principle,
be probed in a quasi-static way’. Therefore, the transient
and static effects have the same physical origin, and the
difference is related to practical aspects of accessing
the NC regime. In a typical transient measurement, the
charge is dynamically controlled by the application of
voltage. The start and end points of the switching pro-
cess then correspond to positive energy curvature, and,
therefore, voltage amplification cannot be achieved in
a static sense.

A wide range of phenomena resulting in non-
monotonic transients can give rise to negative values
of the measured effective capacitance, as is well docu-
mented in semiconductors®>**. Ferroelectrics have a
semiconducting nature, and thus some of these pro-
cesses are likely to also occur in ferroelectric systems.
Therefore, great care must be taken in distinguishing
these effects and inductance-like behaviour (which
has a very different frequency dependence) from the
ferroelectric NC discussed here.

Experimental evidence of NC

Experimental work on ferroelectric NC can be loosely
divided into proof-of-concept experiments and
device-implementation attempts. In proof-of-concept
work, evidence for NC behaviour has usually been
sought by examining the NC response resulting from
adding a ferroelectric layer in series with a dielectric.
More applied work has focused on realizing the pre-
dicted subthreshold swing reduction in transistor
devices with ferroelectric gates. Both approaches pri-
marily address static NC behaviour. Attempts to observe
the transient effect have focused on the direct measure-
ment of the voltage drop across the ferroelectric during
the application of an external bias. These experiments
require the ferroelectric capacitor to be isolated and
externally accessible, which can be achieved by intro-
ducing internal metallization nodes in the transistor
stacks or by connecting the ferroelectric capacitors to
external metal-oxide-semiconductor FETs (MOSFETs),
FinFETs and simple electronic components such as
resistors and capacitors.

Proof of concept. The first connection between experi-
ments and NC was made by Bratkovsky and Levanyuk’,
who used experimental data on high-quality ultrathin
SrRuO,/BaTiO,/SrRuO, capacitors™ and a theoretical

estimate for the metallic screening length to re-plot
the hysteresis curves as a function of the actual voltage
drop across the ferroelectric, that is, disentangled from
the interfacial drop. The resulting curves display sec-
tions with negative slopes (FIC. 5a), attributed to multi-
domain NC. Essentially equivalent conclusions were
reached using data on similar capacitors, for which
the involvement of domains was explicitly confirmed,
in combination with density functional theory (DFT)-
based calculations of the interfacial screening lengths*.
However, in these approaches, evidence for NC relies
on assumed values for the interface capacitance, which
is difficult to experimentally control or determine in a
self-consistent way. Therefore, the majority of funda-
mental studies have focused on ferroelectric-dielectric
heterostructures, with which the identification of
depolarizing field effects is more straightforward.

In the first work representative of such studies,
the capacitance of a SrTiO, layer was compared with
that of a Pb(Zr, Ti)O,/SrTiO, bilayer”. Depositing a
ferroelectric layer on top of SrTiO, results in a struc-
ture that, within a certain temperature range, has a
larger capacitance than that of the SrTiO, layer alone
(FIG. 5b). Similar capacitance enhancements were later
reported in BaTiO,/SrTiO, capacitors™, (Ba, Sr)TiO,/
LaAlO, superlattices® and BaTiO,/Al, O, capacitors®*'.
Although these studies address static NC behaviour,
time dependence still plays an important role because
capacitance measurements are usually carried out
using AC methods and are further complicated by the
dynamic effects of charge trapping, leakage and fre-
quency dispersion of the dielectric response, which are
typical for these materials®-*2. The physical interpreta-
tion of capacitance enhancements commonly observed
in ferroelectric-dielectric heterostructures® is often
not straightforward, and care must be taken to rule
out various artefacts, such as conductivity-induced
Maxwell-Wagner effects®*®. Nevertheless, these studies
provide strong evidence for a capacitance boost caused
by the NC effect.

An important question is the nature of the NC
responsible for the observed capacitance enhancement.
Experimental results have often been rationalized by
using the simple, single-domain model’’; however, in
most cases, depolarizing effects are expected to lead
to the formation of domains. The role of domains
has been explicitly addressed for PbTiO,/SrTiO, and
Pb, ,Sr,;TiO,/SrTiO, superlattices””. Modelling these
structures as capacitors in series is complicated owing to
the strong electrostatic interactions between the dielec-
tric and ferroelectric layers’’. However, by carefully
designing the superlattices to ensure sufficient electro-
static decoupling between the ferroelectric layers, the
series capacitor model can be applied, and the permit-
tivities of the ferroelectric and dielectric layers can be
separated. The NC regime can then be experimentally
demonstrated over a range of temperatures, spanning
both the ferroelectric and paraelectric phases (FIG. 5¢)*.
A detailed theoretical analysis combining phenomeno-
logical modelling and second-principles atomistic
simulations confirmed the importance of domain wall
motion and the associated changes in the interfacial

250| APRIL 2019 | VOLUME 4

www.nature.com/natrevmats



stray fields®, but it also revealed the important role of
the internal structure of the domain walls*>*.

Device implementation. Work on ferroelectric FETs
(FeFETs) has long focused on memory applications*’;
today, the idea that depolarization — one of the main
foes of FeFET memory — could be exploited to improve
the operation of logic devices offers an opportunity
to apply the knowledge gained from studying FeFETs to
NC-FETs. The subthreshold swing S, defined as the
change in gate voltage V. required to change the current
I, by an order of magnitude, can be expressed as

S= dVgate _ d‘/gate d(ps
~ dlog, (Ip)  d¢ dlog, (Ip) @)
— PP

where g, is the surface potential and the transport factor
n=d¢ /dlog (Ip)is setby the transport mechanism. For
conventional MOSFETSs, in which carriers are injected
over a gate-controlled barrier, 7 is limited to 60 mV per
decade at 300K by Boltzmann statistics. Thus, lowering
n below the Boltzmann limit requires modification of the
transport mechanism, as, for example, implemented in
tunnel FETs (TFETSs) and impact-ionization FETs. By
contrast, in NC-FETs, the body factor m=dV,,/dg, is
reduced through an amplification of ¢, by the NC effect.
A major advantage of ferroelectric NC is that it can be
simply integrated into existing FET structures and that it
can be used in combination with approaches that
decrease n to achieve further S reduction.

Experimental attempts to demonstrate steep slope
operation (that is, <60 mV per decade) have focused
on two approaches: direct integration of the ferroelectric
into the gate stack and external connection of a ferro-
electric capacitor to a FET”'°. In the context of NC-FETs,
organic poly(vinylidenefluoride-trifluoroethylene) gate
ferroelectrics”’”* and perovskite PbZr,_ Ti O, (PZT)
gates®®! were explored for direct integration, whereas
Aurivillius-phase SrBi, Ta,O, (SBT), one of the most popu-
lar choices for FeFETs and ferroelectric random-access
memories, appears to have been overlooked. Although
perovskite oxides can be directly grown on semiconduc-
tors*, the unfavourable band alignment™® and interface
states at the metal-ferroelectric (M-F) interface usually
require the insertion of a dielectric buffer layer, result-
ing in an MFIS or MFMIS stack (where I and S are the
insulating buffer and semiconductor, respectively).

In the past few years, following the discovery that
doped hafnia thin films exhibit ferroelectric properties,
attention has rapidly shifted towards HfO,-based materi-
als*% as NC elements. The origin of ferroelectricity in
these materials is still poorly understood; however, the
excellent compatibility with semiconductor-processing
techniques has made HfO,-based materials the favourite
candidates for NC devices.

An important parameter in the design of NC-FETs
is capacitance matching. The insulating buffer layer
thickness is usually designed to optimize capacitance
matching®*; however, the optimization of this para-
meter is typically based on a model assuming homogen-
eous polarization, which is not valid for the multidomain
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case, in which the NC in the ferroelectric is approx-
imately independent of the dielectric layer thickness
above a certain value. Thus, further device modelling
that explicitly considers multidomain gates with mobile
domain walls is required®>”.

The range of buffer layer materials for NC-FETs has
been limited thus far, compared with the buffer layer
materials explored for FeFETs*. The benefits and disadvan-
tages of internal metallization in the gate stack (MFIS
versus MFMIS architectures) have been discussed* =%
however, the additional MI and MF interfaces introduce
additional interfacial capacitance**, which has to be
included in capacitance matching considerations.

In addition to devices with conventional semicon-
ductors, other channel materials are being explored, for
example, Ga,O, (REF”) and various 2D materials, such as
MoS, (REFS*>**%), black phosphorus” and WSe, (REF.”).
In general, subthreshold swings substantially below
60mV per decade have been reported for a variety of
devices, which has been implicitly or explicitly attrib-
uted to static NC. However, the sharp hysteretic current—
voltage curves suggest that the steep changes in current
might also be associated to conventional polarization
switching, as in FeFET memory devices, rather than to
quasi-static NC effects.

Non-hysteretic devices tend to exhibit subthreshold
swings closer to the Boltzmann limit*-%%'>!%! (FIC. 5d),
although significant improvements in S over several
decades in current have also been reported'®. Unfortun-
ately, time dependence is often not explicitly addressed,
making it difficult to distinguish between transient and
static effects. The investigation in REF* of the effect of
ramp rates for the applied bias showed that a slower ramp
rate reduces the hysteresis, bringing the desired voltage
amplification with subthreshold swings closer to the
Boltzmann limit, suggesting that improvements in S are
dominated by polarization dynamics rather than by the
static NC effect'””. Importantly, sub-60mV per decade
§ is usually observed only over a limited range of gate
biases, which has been attributed to difficulties in main-
taining capacitance matching over the entire subthresh-
old region as well as in the ON state, owing to the fact
that the semiconductor capacitance substantially changes
from depletion to inversion. Nevertheless, recent reports
of enhanced ON-state currents and transconductance in
HfO,-based FinFETs**!%, as well as the improvements
in short channel effects'**'"", attributed to NC operation,
are very encouraging.

In summary, there is substantial evidence that inte-
grating a ferroelectric into the gate stack can improve
various transistor characteristics. However, a funda-
mental understanding of the precise role of NC and
the types of NC involved remains elusive thus far. This
requires accurate modelling approaches that simulta-
neously capture the electrostatics and charge dynamics
within the semiconducting channel, as well as the com-
plexities associated with ferroelectric domains and their
dynamics under an applied gate bias.

Evidence for transient NC. To directly demonstrate
transient NC, the voltage drop across the ferroelectric V;
must be measured during switching. One approach has
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< Fig. 5 | Experimental approaches to investigating negative capacitance. a| The total
voltage applied to a ferroelectric capacitor is dropped partly across the ferroelectric
layer and partly across the interface capacitance that arises from the finite intrinsic
screening length at the metal—ferroelectric interface. The interface capacitance can be
theoretically estimated to calculate the voltage drop across the ferroelectric. Thus, the
polarization P as a function of the local field in the ferroelectric E; (red) can be obtained
from the measurements of polarization as a function of the applied field E, (black),
revealing the negative capacitance (NC) regions, as illustrated for a high-quality
5-nm-thick epitaxial BaTiO, (BTO) capacitor with SrRuO, (SRO) electrodes. b | A hallmark
signature of NC is that capacitance is enhanced when a ferroelectric is added in series
with a conventional dielectric capacitance, as shown by comparing the capacitance
of an epitaxial 48-nm-thick SrTiO, (STO) capacitor with that of a bilayer capacitor
consisting of 48 nm of STO and 28 nm of PbZr,_Ti O, (PZT). The capacitance of the bilayer
exceeds that of the STO layer over a wide range of temperatures. ¢ | In ferroelectric—
dielectric superlattices, in which the ferroelectric layers are electrostatically decoupled
owing to the formation of a dense domain structure, the ferroelectric and dielectric
layers can be modelled as capacitors in series. Their effective permittivities can be
separated by measuring the total capacitance of a collection of samples. For (Pb, Sr)TiO,/
SrTiO, (PST/STO) superlattices, the inverse permittivity of the ferroelectric PST layers
(1/¢,) displays a clear region of NC behaviour, whereas the dielectric constant of STO (e,)
shows the typical decrease of a bulk material. d | An NC-field-effect transistor (FET) stack
consisting of a (Hf, Zr)O, ferroelectric, a Al,O, dielectric, a MoS, semiconducting channel
and a doped Si gate exhibits non-hysteretic current-voltage (I,—V;) characteristics for
different values of V/,, with the subthreshold swing (S) dropping below the Boltzmann
limit, in contrast to the purely dielectric (Al,O,) gate. e | A typical setup for transient NC
investigations consists of a ferroelectric capacitor (C) connected in series with a known
resistance (R). The voltage across the ferroelectric capacitor (V,, curve with green
markers) and the total charge Q flowing through the circuit can be monitored as a
function of time (t), following the application of a voltage pulse across the system
(V,, curve with blue markers). Regions in which dQ/dt and dV,/dt have opposite signs
(blue areas) are attributed to transient NC. D, drain; S, source. Panel a is adapted with
permission from REF?, AIP Publishing. Panel b is adapted with permission from REF.”/,
AIP Publishing. Panel c is adapted from REF.*%, Springer Nature Limited. Panel d is
adapted from REF.%, Springer Nature Limited. Panel e is adapted from REF.¥/,
Springer Nature Limited.

been to expose the internal node of an MFMIS structure
and directly monitor V; while sweeping the gate voltage
across the MEMIS stack’®'™. The resulting P(V;) hyster-
esis curves exhibit regions with negative slope, which
were attributed to an NC effect.

Another approach is to connect a ferroelectric capa-
citor to an external series resistance (FIG. Se), which slows
down the delivery of charge to the capacitor plates.
As a voltage across the resistor-ferroelectric circuit is
applied, an NC response causes a temporary reduc-
tion in V,, while the charge on the ferroelectric capaci-
tor (determined by integrating the current) continues
to increase”. Similar behaviour has been reported by
many groups; however, its interpretation as a signature
of the traversal of the negative dQ/dV part of the ferro-
electric S-shaped curve remains controversial. It is gen-
erally accepted that a realistic model should include a
domain-mediated process' and that the observed volt-
age reduction originates from the mismatch between the
rate at which the ferroelectric polarization switches and
the delivery of the charge to the metallic plates of the
capacitor’®”. The question remains whether the negative
curvature of the free energy has to be involved in this
process® =% A variant of this direct method to moni-
tor transient NC is to replace the series resistor with an
external series capacitance'”; the capacitor then directly
controls the charge on the ferroelectric, as originally
proposed by Salahuddin and Datta'.
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Perspectives

Decades after the pioneering works of Landauer,
Bratkovsky and Levanyuk and the visionary article
of Salahuddin and Datta™, the field of ferroelectric
NC is now gaining momentum, driven by progress in
low-power transistor technology and, particularly, by
the development of hafnia-related ferroelectric materi-
als that can be readily grown on semiconductors. All
expected behaviours associated with NC (in particu-
lar, capacitance enhancement and voltage amplifica-
tion) have been repeatedly experimentally reported,
supporting the existence of a local NC response. The
essential features of the NC effect are now also theoret-
ically understood, even for the most challenging (and
typical) case of a ferroelectric in the multidomain state.
Furthermore, first-principles atomistic simulations can
reproduce and explain NC behaviours in realistic situ-
ations, notably in ferroelectric-dielectric superlattices.
However, many challenges remain to provide a thorough
understanding of NC behaviour and to optimize the
intrinsic NC response.

An important issue is the enhancement of the NC
response, that is, C;! needs to be as negative as possible
to maximize voltage amplification. Moreover, the tem-
perature range of the NC region needs to be extended.
The NC response can be enhanced by pushing down
T,, (the temperature for the onset of the multidomain
ferroelectric state), to separate it from T, (the nominal
transition temperature) and bring it as close as possi-
ble to T, (the temperature at which the monodomain
ferroelectric state appears) (FIC. 2). This strategy can
be used to increase the incipient ferroelectric region
(T, < T<T,) and approach T,,, at which the largest NC
responses are expected”. The distance between T, and
T, increases with domain wall formation energy, and
thus ferroelectric materials with unfavourable domain
walls would be ideal to obtain a large NC response of
an incipient ferroelectric type. Therefore, ferroelectrics
with high domain wall energy can be expected to play
an important role in the context of NC optimization.

Domain wall mobility and large polarizability further
play a key role in the NC response of a multidomain
state. For example, in PbTiO,/SrTiO, superlattices®*,
domain wall mobility and large polarizability are crucial
to obtain a net C;<0 in the ferroelectric layers. Further-
more, in nanoscale ferroelectrics, domain walls can be
very wide” (comparable to the size of the domains) and
have a complex structure'®. Thus, by controlling the
structure and properties of the walls, it may be possible
to enhance the NC response. For example, the walls
could present some sort of incipient order that could
contribute to an NC response (this might be the case for
the domain walls in PbTiO, (REF'")). Moreover, induc-
ing attractive wall-wall interactions that go beyond
electrostatic effects should result in a greater inhomoge-
neous enhancement of the NC response (smaller «. in
equation 5) and a stronger NC effect.

Importantly, the C,<0 behaviour is made possible
— as well as controlled and limited — by the parts in
contact with the ferroelectric material. Thus, these parts
and the corresponding interfaces with the ferroelectric
have an impact on C,. For example, by using a dielectric
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with a strong nonlinear response, dC/dE <0, the range
of negative C, values compatible with global thermo-
dynamic stability (C>0) can be expanded, enabling an
optimized NC behaviour. Similarly, chemical effects (for
example, the formation of new bonds or new structures)
at the interfaces between ferroelectrics and other materi-
als may impact the polar instabilities and associated
responses”, which offers another possibility to tune NC.
Indeed, the NC response is not a property of only the
ferroelectric material, and thus optimization strategies
do not have to be limited to the ferroelectric.

The specific application or device also needs to be
considered, because it determines the environment of
the ferroelectric and its response. FETs are currently the
most interesting and best-studied case, and the impact
of various design variables (size, shape, response and
conductivity of the different components) on the volt-
age amplification effect is being intensively investigated,
including by dynamic simulation studies*»"7»»9%108-118,
Applying NC effects in transistors is challenging owing
to the presence of free carriers in the channel, which is
in contact with the source and drain, complicating the
realization of charge-control conditions as well as
the stabilization of the NC state. Thus, in the context of
FET applications, optimization of the NC effects is
strongly influenced (and limited) by the behaviour of
the carriers in the semiconducting channel.

An important yet underrated topic is the dynami-
cal electromagnetic response of domain structures in
ferroelectrics with NC. Theory predicts a distinct reso-
nance behaviour at sub-terahertz frequencies, once
the real part of the dynamical permittivity changes
its sign from negative (at low frequencies) to positive
(at high frequencies)®. This effect is very similar to
plasma UV resonance in metals but occurs in the sub-
terahertz frequency range, which is the desired range for

nanoelectronic and plasmonic applications to process
ultrafast signals. Interestingly, at the frequency at which
the permittivity crosses zero, the refractive index must
change from complex to real®” — a remarkable effect that
has not yet been experimentally studied.

Finally, let us comment on the different families
of ferroelectric materials used in NC studies and
applications. Initially, polymeric and perovskite-oxide
ferroelectrics were predominantly explored. However,
hafnia-based compounds'® have key technological
advantages, making this material an important player
in future applications of ferroelectricity in electronics.
The behaviour of ferroelectric hafnia is not yet fully
understood or characterized, but hafnia-based ferro-
electrics exhibit interesting properties. For example, in
HfO,-related compounds, the polar instability does not
manifest itself as obviously as in other ferroelectrics (for
example, in giant electromechanical responses). Hafnia
further displays properties different from those of other
ferroelectric materials, such as a pronounced polymor-
phism and the existence of competing anti-ferroelectric
and amorphous phases. These distinct features might
be of interest in the context of NC applications, because
they may allow additional possibilities for tuning or
optimizing the response of the ferroelectric.

Therefore, well-known compounds, such as ferro-
electrics based on PbTiO, or BaTiO,, offer NC optimiza-
tion possibilities (for example, based on their soft-mode
response) that may be impossible in HfO,-based materi-
als and continue to deserve our attention. Regarding
NC optimization in hafnia-based materials, taking
advantage of their specific features and behaviours will
require a deeper understanding of their ferroelectric and
dielectric properties.
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