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Abstract

This study demonstrates the effectiveness of
AFE-PUND, a revisited Positive Up Negative
Down (PUND) protocol for characterizing an-
tiferroelectric (AFE) materials, in analyzing
ZrO2 films across different thicknesses, reveal-
ing key trends. The proposed AFE-PUND
method enables the isolation of switching cur-
rents from non-switching contributions, allow-
ing precise extraction of remanent polariza-
tion and coercive field from hysteresis loops.
The remanent polarization increases with film
thickness, reflecting enhanced domain stabil-
ity, while endurance cycles highlight the wake-
up effect and its eventual degradation due to
fatigue in thicker films. Similarly, coercive
fields decrease with thickness, indicating re-
duced switching barriers and a clearer tran-
sition between tetragonal and orthorhombic
phases. The method provides valuable insights
into micro-structural influences, such as defect
accumulation, grain size, and domain wall pin-
ning, which critically affect device performance.
AFE-PUND thus establishes itself as an essen-
tial tool for advancing the understanding and
optimization of antiferroelectric materials.

Keywords
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Introduction

The study of ferroelectric (FE) and antifer-
roelectric (AFE) materials has gained signif-
icant attention due to their promising appli-
cations in next-generation electronic devices,
such as non-volatile memories, energy storage,
and neuromorphic systems1–3. Central to ad-
vancing these technologies is the ability to ac-
curately characterize the electrical behavior of
these materials under varying conditions. One
critical method for such characterization is the
Positive Up Negative Down (PUND) protocol,
originally devised for FE materials, which en-
ables the isolation of switching current contri-
butions from other transient electrical compo-
nents. The present work revisits and adapts
this method for AFE materials, offering a novel
approach for distinguishing their unique switch-
ing dynamics.
The concept of the PUND method was first

introduced by Scott and al.4 for ferroelectrics
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(FEs) in 1988. In this initial article, authors
explained how, when starting from the nega-
tive spontaneous polarization, −Ps, if a pos-
itive switching voltage is applied, the electric
induction D⃗ (also called electric flux density or
more frequently: electric displacement field) is:
D = 2Ps + ε0εrE (along z direction in the case
of a simple planar capacitor), where εr is the di-
electric constant of the material, ε0 the dielec-
tric constant of vacuum, and E is the applied
electric field. Authors noticed that the thin film
they studied (PbZr0.54Ti0.46O3) is then already
polarized positively and if a second positive
(non-switching) pulse is applied, D = ε0εrE.
Consequently, subtracting the first and second
values of D allows the extraction of the film’s
switching polarization. In this article, the term
”PUND” is not yet mentioned. The first occur-
rence of ”PUND” might date back to 1989 in
an article by Scott et al.5.
The PUND method is widely utilized in stan-

dard tests for capacitors, including endurance
tests, which consist in measuring the number
of cycles that can be applied before break-
down. During testing, current response to volt-
age pulses for FE materials can increase or de-
crease depending on the number of cycles. The
degradation of ferroelectric properties upon cy-
cling, notably the decrease in switching cur-
rent (Iswitch), is called fatigue. On the con-
trary, wake-up (WU) effect consists in an in-
crease of Iswitch during the early stages of the
endurance tests. The PUND method allows
to study more in detail physical mechanisms
such as fatigue and WU effect. By isolating
Iswitch from the dielectric and leakage contribu-
tions (respectively Iε and IL), it further helps
to understand which contribution is playing a
critical role. Quite often current response also
increases just before breakdown. Thanks to
the PUND method, the WU effect can be eas-
ily differentiated from the increase in leakage
currents, for example. More specifically, in
doped-HfO2 it has been demonstrated that the
WU effect is not due to an increase of leak-
age, but to an Iswitch increase due to mate-
rial reorganization (oxygen vacancies reorgani-
zation and/or electrons trapping/de-trapping,
transition of domains from one phase to an-

other, domains pinning/depinning, etc.).6–9 Fi-
nally, PUND method also avoids any problem
of the ”BANANA effect”10.
For antiferroelectrics (AFEs), however, the

application of PUND presents unique chal-
lenges. Unlike FEs, AFEs exhibit two switch-
ing current peaks under the application of a
voltage pulse: one during voltage rise and the
other during the voltage fall. When the volt-
age goes back to zero, the material has al-
ready switched positively and negatively, and
the polarization goes back to zero, leading to:
I(P )−I(U) = I(N)−(D) = 0. Thus, the stan-
dard PUND protocol must be adapted.
This article proposes an automatized protocol

in order to use the PUND principle for AFE
materials. To highlight the method, planar
Metal/Insulator/Metal (MIM) capacitors with
ZrO2 as AFE insulator are employed. The pro-
cedure can, of course, be applied to other AFE
materials as well.

Method

This section begins with a summary of the
PUND method for FEs, before explaining the
approach developed for AFEs. In the follow-
ing, the technique dedicated to AFEs will be
called AFE-PUND to make a difference with
the process for FEs, subsequently designated
as FE-PUND.
Figure 1(a) is reminding the FE-PUND

method principle. The pulse train for the ac-
quisition of the P-V or P-E characteristics is
the PUND schema, which consists on a train
of five triangular pulses with the same am-
plitude (±Vmax) and rise and fall times (trise,
tfall). Each pulses being separated by a relax-
ation time (trelax) where no electrical field is
applied. For greater clarity, Vmax and these
characteristic times are explicitly shown in the
supplemental (figure S1). The method can be
described as follows:

• Pre-switch pulse: this pulse aligns the
ferroelectric domains along one specific
direction.

• First positive pulse (P): to switch
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Figure 1: Principle of the PUND method for FE and AFE materials. Panel (a) illustrates the PUND
sequence, with the electric field (right axis) applied to FE materials and the corresponding current
response (red curve, left axis) as a function of time. This sequence isolates the FE contribution.
Panel (b) shows the polarization-electric field (P-E) hysteresis corresponding to the ”PN” sequence,
while panel (c) presents the P-E hysteresis derived from the ”P-U” and ”N-D” sequences, with
dielectric and leakage contributions removed to isolate the FE response. Panel (d) displays the
PUND sequence for AFE materials, showing the electric field (right axis) and the corresponding
current response (red curve, left axis) over time. This sequence isolates the AFE contribution by
distinguishing the two FE contributions. Panel (e) provides the P-E hysteresis corresponding to the
”PN” sequences for AFE materials, and panel (f) shows the P-E hysteresis derived from the ”P-U”
and ”N-D” sequences, isolating the AFE response after removing dielectric and leakage effects.

ferroelectric domains upward, it includes
contributions due to domain motion, di-
electric and leakage currents.

• Second positive pulse (U): to measure
other contributions to the current, which
are not due to the ferroelectric domain
switching.

• First negative pulse (N): it switches
domains downward, it includes other con-
tributions due to the domains motion, di-
electric and leakage currents in the oppo-
site sense.

• Second negative pulse (D): as for the
U pulse, it is used to measure other con-
tributions to the current, which are not
due to the domain switching.

As the same reasoning applies when subtract-
ing the P and U pulses or the N and D pulses,
for this example, a focus is made on P and U.
The hysteresis loop is obtained by subtracting
the response of the U pulse from that of the P
pulse, which allows for the isolation of the spe-
cific contributions of each pulse.
By definition, the current is the infinitesimal

change in charge carriers dq with respect to the
differential of time dt. Considering an electri-
cal excitation ε0E⃗ (an applied electrical field in

our case), a change in D⃗ is induced. The charge
can then be rewritten as the scalar product of
D⃗ and the surface vector S⃗.

I =
dq

dt
=

d
(
D⃗ · S⃗

)
dt

(1)
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For a planar capacitor, considering that the
PUND pulse train is applied, the equation can
be rewritten along the z axis as follows:

D =
1

S

∫ trise+tfall

0

Idt (2)

Figure 1(b) represents the polarization versus
voltage (P-E) curve derived from the current
under the P and N peaks according to equation
2. From a technical standpoint, this hysteresis
curve should be referred to as D-E curves rather
than true P-E curves. It is also the case of typ-
ical pulse sequences used for Dynamic Hystere-
sis Measurement (DHM) in literature. On the
contrary, the PUND technic allows to plot true
P-E curves as it will be now demonstrated.
It is assumed here that the pulse takes a trian-

gular shape. An additional time value should be
added if pulses have trapezoidal shapes. Here,
trise = tfall leading to trise + tfall = 2trise. As
there is no electrical field applied during trelax,
it can be considered that during P and U pulses
the equation to isolate the switching transient
current can be expressed as follows:

DPU =
1

S

∫ 2trise

0

I(P )− I(U)dt (3)

DPU =
1

S

∫ tP+2trise

tP

I(P )dt− 1

S

∫ tU+2trise

tU

I(U)dt

(4)

DPU = D(P )−D(U) (5)

D(P) and D(U) are here defined.
If now the expression of the electric induction
is rewritten as a function of the applied electric
field and the polarization, it is very well known
that:

D⃗ = ε0εrE⃗ = ε0E⃗ + P⃗ (6)

For a planar capacitor, along z axis, using
equation (5) and (6) it gives:

DPU = ε0E + P (P )− ε0E − P (U) (7)

And finally the ferroelectric contribution to
polarization can be isolated by the equation:

DPU = PPU = P (P )− P (U) (8)

The polarization values in Figure 1(c) are ob-
tained using equation 8 for the current under
P-U, and similarly for N-D. This demonstrates
that P has the dimension of a polarization, as
previously stated, contrary to DHM and PN
curves where it has the dimension of an electric
induction.
The voltage during the relaxation time (equal

to zero in Figure 1(a)) is called the ”relaxation
voltage” (sometimes also called ”resting volt-
age”). The relaxation time is used to highlight
back-switching (BS). As its name implies, BS
consists in the FE domains switching back in
the opposite direction of polarization in which
they were, before reaching the relaxation volt-
age. During trelax, particularly in the case of
asymmetrical ferroelectric structures, FE do-
mains can start to switch in the opposite polar-
ization direction before reaching, in the exam-
ple figure 1(a), zero volt or at zero volt. This
cause the presence of domains still switching
during the application of U or D voltage pulses.
This BS can be clearly seen figure 1(a) under
each voltage pulses and will be re-discussed
in section Applicability and Limitations of the
Method.
Finally, details regarding capacitor fabrica-

tion have already been provided in our earlier
work11. And FE material selected to illustrate
the PUND method here isHf0.5Zr0.5O2 (HZO).
The HZO sample used in this article does not
represent the highest performance achievable;
capacitors with superior characteristics (high
Pr and without BS) were presented in our
prior studies11,12. Nevertheless, this sample
was specifically chosen to emphasize the BS
mechanism and later demonstrate that BS can
also occur for AFE-PUND.
To conclude, by subtracting the current un-

der the P and U peaks, integrating the result,
and normalizing by the surface area, the po-
larization due to ferroelectric switching can be
expressed as a function of the applied electric
field, with all other contributions effectively re-
moved. Figure 1(b) shows a hysteresis curve
that includes all contributions to the current,
while the outcome of this subtraction is pre-
sented in Figure 1(c).
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The challenge with AFE materials lies in
the fact that each pulse induces two switch-
ing current peaks. To isolate these peaks, the
relaxation voltage must be set to a nonzero
value. An AFE material can be schematically
seen as a combination of a dielectric material
and two ferroelectric materials, one switch-
ing at positive coercive voltages Vc,+,up and
Vc,+,down and the other at negative voltages
Vc,−,up and Vc,−,down. Consequently, by employ-
ing two PUND sequences—one with a positive
relaxation voltage and one with a negative re-
laxation voltage-the same logic used for ferro-
electrics can be extended to antiferroelectrics.
The pulse train for the two PUND sequences
with positive and negative relaxation voltages
is shown in figure 1(d). The corresponding P-E
curve is presented in 1(e) for the current un-
der P1, N1, P2, and N2 voltage peaks, while
the subtraction of the different contributions is
illustrated in 1(f). Between two pulses of the
first P1U1N1D1 or second P2U2N2D2 sequence,
there is a relaxation period during which the
electrical field remains at the relaxation elec-
trical field. Therefore, the relaxation time for
AFE-PUND is nonzero. However, in figure
1(d), the relaxation time has been set to 50 µs,
which is too short to be visually discernible in
figure 1(d).
The sole remaining challenge at this stage

is to determine the appropriate voltage val-
ues for the relaxation voltages. In figure 1(d),
an automatic detection has been used prior to
AFE-PUND sequence. On Figure 2, this au-
tomatic detection procedure of the relaxation
voltages is explained.
From a mathematical point of view, the coer-

cive electrical field (Ec) corresponds to the max-
imum of the slope of the P-E curve, so the max-
imum of dP/dE. In theory, this maximum is in-
finite. It can be mathematically demonstrated

from equation (3) and E⃗ = −
−−→
grad V that the

coercive voltage will therefore corresponds to
the position of the maximum Iswitch of a FE ma-
terial (if the FE material is not leaky). In the
I-V curve (Fig2(a)), the position of the max-
ima on the y-axis (current axis) corresponds to
the coercive voltage (Vc) on the x-axis (voltage
axis). It can be determined four coercive volt-

𝑽𝒓𝒆𝒍𝒂𝒙,+

𝑽𝒓𝒆𝒍𝒂𝒙,+

𝑽𝒓𝒆𝒍𝒂𝒙,+𝑽𝒓𝒆𝒍𝒂𝒙,+

Figure 2: Necessity to follow the Vrelax,+ and
Vrelax,− biases with cycling. (a) Current re-
sponse over the applied voltage for a 10 nm-
thick ZrO2 after 10 and 107 cycles. The val-
ues of Vrelax,+ and Vrelax,− are determined by
extracting the displacement current peak po-
sitions at each cycle. (b) Corresponding P-
E curves obtained by the DHM method with
dashed lines representing the hysteresis the ex-
tracted Vrelax,+ biases for two cycle states.

ages for an AFE material : Vc,+,up, Vc,+,down,
Vc,−,up, Vc,−,down. The detection of the relax-
ation voltage is then determined by the equa-
tions :

Vrelax,+ =
|Vc,+,up|+ |Vc,+,down|

2
(9)

Vrelax,− =
|Vc,−,up|+ |Vc,−,down|

2
(10)

Once the relaxation positive and negative volt-
ages are determined, the two PUND sequences
are automatically created via a Python code.
In conclusion, by using a DHM sequence for

the automatic detection of the relaxation volt-
ages, it is possible to create automatically a
pulse train made of two PUND sequences us-
ing a positive and a negative relaxation point
(respectively Vrelax,+ and Vrelax,−) and to create
a AFE-PUND sequence that allows to create
curves that keeps only the ferroelectric positive
and negative contributions of antiferroelectric
materials, removing dielectric and leakage non-
switching transient components of current.

Results and Discussion

On figure 3, for the comparison with our AFE-
PUND sequence, a DHM sequence was used.
Corresponding I-V curves (3(a)) and P-E loops
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Figure 3: (a) to (f) Electrical characterization of a AFE capacitor with ZrO2 (10 nm) at 3.5
MV/cm. DHM protocol: corresponding (a) current versus voltage as a function of cycle number
and (b) P-E loops as a function of cycle number. AFE-PUND protocol: corresponding (c) current
versus voltage as a function of cycle number and (d) P-E loops as a function of cycle number.
Extracted by AFE-PUND: (e) remanent up and down polarizations as a function of cycle number.
(f) Coercive fields as a function of cycle number. (g) and (f) AFE-PUND protocol over several ZrO2

AFE capacitors thicknesses between 5.5 nm and 18 nm at 3.5 MV/cm: g) Variation of the remanent
polarization and h) variation of the coercive fields for several ZrO2 thickness and endurance cycles.

(3(b)) are here shown in order to explain stan-
dard electrical characterizations of antiferro-
electric materials. The DHM sequence is also
used for automatic detection as explained in
the section Method. This sequence has also
been widely employed in prior studies charac-
terizing antiferroelectric materials13. For the
AFE-PUND sequence the I-V curves and P-E
loops are shown respectively in figure 3(c) and
3(d). One can notice that the P-E curves show
two hysteresis ”flat” curves as described in pre-
vious section Method. From the P-E curves of
figure 3(d), saturation polarization (here equal
to remanent polarization Pr) and coercive fields
Ec can be extracted (respectively Figures 3(e)
and 3(f)).
In FE HZO, the WU effect consists in the

increase of Pr
14 and in an Ec shift15. These

two effects are observed for our ZrO2 sample
with 10 nm-thickness, on figure 3(e) and 3(f).
It demonstrates that the WU effect is not the
result of a leakage increase but a real change in
the contribution to ferroelectricity.
Another important contribution of the AFE-

PUND method is the study of the WU effect

for different thicknesses of ZrO2. As shown in
Figure 3(g), the remanent polarization Pr in-
creases with film thickness. This behavior in-
dicates that thicker films provide more stable
domain configurations, which enhance their fer-
roelectric properties. Moreover, the evolution
with the endurance is clearly illustrated in the
color-coded points of Figure 3(g). As the cy-
cles progress, the Pr initially increases for each
ZrO2 thickness, reflecting the WU effect. This
increase is attributed to defect reorganization,
such as oxygen vacancy redistribution, and the
stabilization of ferroelectric domains. However,
in thicker films (above 15 nm), we also observe
a noticeable decrease in Pr after 103 cycles, in-
dicating the onset of fatigue. This behavior
arises due to defect accumulation and domain
wall pinning, which hinder further polarization
switching.
In addition, Figure 3(h) demonstrates that

the coercive field Ec decreases with increasing
thickness, suggesting that thicker films require
a lower energy barrier for polarization switch-
ing. The evolution of Ec reflects a difference in
the structural phase transition from the tetrag-
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onal (linear dielectric) phase to the orthorhom-
bic (ferroelectric) phase under the applied elec-
tric field with thickness16. The transition from
the tetragonal to the orthorhombic phase shows
a clear reduction in Ec whereas the reverse tran-
sition exhibits also a reduction, but with a dif-
ferent dynamic. Moreover, we can also observe
that Ec decreases during the early endurance
cycles for each thicknesses, consistent with the
structural reorganization that lowers the energy
barrier for domain switching as the material
transitions more and more from the tetragonal
to orthorhombic phase. Same as for the Pr vari-
ation, we observe a different behavior for thicker
films (above 15 nm): the coercive fields stabi-
lizes after a certain number of cycles and may
even exhibit signs of slight increase back, re-
flecting the impact of fatigue on the switching
dynamics. This seems to be mainly visible on
the coercive fields switching from the tetragonal
to the orthorhombic phase. These endurance-
dependent trends are particularly evident in the
color gradients of the subplots, which highlight
the contrasting behaviors between thinner and
thicker films.
The different FE behavior observed in ZrO2

films above a certain thickness can be at-
tributed to a combination of microstructural
and electrical factors. Thicker films tend to
have larger grains or several layers of grains,
which increase domain wall pinning and reduce
mobility, leading to fatigue and a decline in re-
manent polarization with endurance. Addition-
ally, higher defect density and less uniform elec-
tric field distribution in thicker films may hin-
der complete polarization switching, contribut-
ing to the stabilization or slight increase of co-
ercive fields with cycling. Stress and strain ef-
fects, potentially more pronounced in thicker
films, could also alter the energy landscape for
domain switching, further exacerbating fatigue.
Conversely, thinner films, with smaller grains
and more uniform defect profiles, exhibit en-
hanced WU effects due to easier domain reor-
ganization.
Removing dielectric and leakage contributions

via this method allows the study of the vari-
ation in electrical parameters with higher ac-
curacy. For instance, the large increase of Ps

for low ZrO2 thickness, as seen in figure 3(b)
could be solely impeded to a Pr increase, how-
ever once AFE-PUND method is employed it is
demonstrated that the change in Pr from pris-
tine to woken-up sample is quite low, as shown
on figure 3(g). Then some part of the seen in-
crease in Ps can be attributed to a leakage in-
crease. By providing a more accurate isolation
of ferroelectric contributions, the AFE-PUND
method enables a deeper understanding of the
influence of film thickness and endurance on the
ferroelectric behavior of ZrO2, compared to the
usual standard DHM.

Applicability and Limita-

tions of the Method

These findings highlight the robustness of the
AFE-PUND method in isolating ferroelectric
contributions and accurately tracking the evo-
lution of remanent polarization and coercive
fields with endurance. However, challenges
arise when dealing with samples exhibiting high
leakage currents and back-switching phenom-
ena. Understanding and addressing these limi-
tations is critical to ensure the reliability of the
AFE-PUND method, particularly for samples
with significant leakage. This issue is explored
in the next section, which discusses the impact
of leakage currents.

Figure 4: Leakage limitations of the AFE-
PUND method: example of the AFE capacitor
TiN/ZrO2/TiN with 18 nm-thick ZrO2 at 4
MV/cm. (a) I-V curve and P-E for the DHM
measurement; (b) I-V curve and AFE-PUND
for the AFE-PUND measurement.

The automatic detection of Vrelax depends on
the switching peak maximum detection. When
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samples present high leakage, the switching
peak can become less defined and the maximum
less intuitive to detect reliably. Indeed, leakage
increases with voltage increase in insulator di-
electric oxides17. This is illustrated by figure
4. On figure 4(a) the DHM measurement is
shown. Leakage current is bigger than switch-
ing current and both contributions are overlap-
ping. Not only it leads to a loss of accuracy in
the automatic detection Vrelax, but also the sub-
tractions between P and U or N and D peaks is
biased. These limitations also exists with FE-
PUND sequence: when the switching current is
entirely overlapping with leakage current, the
distinction is not possible. On 4(b), the result
of the AFE-PUND method is shown. It can be
clearly understand that this curve has no phys-
ical meaning.

Figure 5: Back-switching limitations of the
AFE-PUND method: (a) Coercive fields and
switching peaks 3σ (99.7% of the switching)
and (b) Back-Switching, as a function of cy-
cle number on a TiN/ZrO2/TiN with 10 nm-
thick ZrO2 at 3.5 MV/cm on the positive ap-
plied bias side (blue) and negative side (red).

In a first approximation, when leakage is
small enough, switching peak can be modelled
with a Gaussian distribution:

f(x) =
1

σ
√
2π

e
1
2(

x−µ
σ )

2

(11)

From the Gaussian model, we can extract
σ values. Switching dispersion of ferroelectric
grains can be quantified by studying switching
current at 3σ value. It represents the value for
which 99.7 % of the polarization is switched.
On figure 5(a) we can observe that the switch-
ing distribution around the coercive fields tends
to increase with cycling. The structure also
tends to symmetrize as |Ec,+| and |Ec,−| val-

ues tend to be closer and closer with cycling.
The BS can be quantified as a function of the

endurance if it is normalized using Pr:

BS =
a

Pr

× 100 (12)

with BS expressed in percentage and a be-
ing the ratio between the polarization at rest:
Vrelax,+ and Vrelax,−, and respectively the min-
imum and maximum polarization Pmin and
Pmax. For BS phenomenon, Pmin is negative
when V > 0 and Pmax is positive when V < 0
while Pr have an opposite sign. In other words:

a =
P (Vrelax)

Pmin,max

(13)

For more details and clarity, the calculations
used to analyze BS mechanisms are illustrated
more thoroughly in the supplemental.
The miss-connection observed in the AFE-

PUND curves, as observed in Figure 1(f) and
3(d) at the Vrelax,+ and Vrelax,−, is a direct result
of BS phenomena. Upon relaxation, some ferro-
electric domains spontaneously switch back to
their original state, causing a residual switch-
ing current during the U or D pulses. This
behavior is inherent to the material and be-
comes more prominent as the distribution of
switching currents (3σ) begins to overlap. This
overlap is indicative of significant BS and leads
to inaccuracies in isolating the true ferroelec-
tric response through the AFE-PUND method.
Despite its unavoidable nature in certain mate-
rial systems, BS can be quantified to evaluate
its impact, and PUND methods (AFE and FE)
ease its evaluation. It can be noted that because
of back-switching a miss-connection is also ob-
served for the PUND method applied to simple
ferroelectrics as well. As shown in Figure 5(b),
the percentage of BS can be calculated, pro-
viding critical insights into the extent of this
phenomenon and its influence on the extracted
polarization values. This result is the same for
antiferroelectrics and ferroelectrics.
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Conclusion

In this article, we have presented an automatic
pulse sequence allowing to subtract switching
current contributions with non-switching cur-
rent contributions for antiferroelectric materi-
als. ZrO2 thin films of varying thicknesses were
used as a practical example to demonstrate the
effectiveness of the AFE-PUND method.
Despite its robustness, the method has certain

limitations, such as its sensitivity to high leak-
age currents and back-switching (BS). These
challenges are not unique to AFE materials but
are inherent to the PUND protocol itself. Ad-
dressing these issues, for example by developing
intermediate sequences mimicking the Dynamic
Leakage Current Compensation (DLCC) prin-
ciple in order to compensate the leakage current
during the measurement, will be an important
focus of future work.
The current work provides a crucial frame-

work for advancing the study of AFE mate-
rials. Additionally, exploring nanoscale mea-
surements, similar to the nano-PUND proto-
col developed by Martin et al.18, could further
enhance our understanding by enabling high-
resolution characterization of local ferroelectric
and antiferroelectric behaviors using scanning
probe microscopy techniques. Such develop-
ments will be vital for optimizing ZrO2-based
nano-supercapacitors and broadening their ap-
plication in next-generation energy storage de-
vices.
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Pešić, M., et al. Investigation of Coercive
Field Shift During Cycling in HfZrOx

Ferroelectric Capacitors. IEEE Transac-
tions on Electron Devices 2022, 69, 2384–
2390.

(16) Hoffmann, M.; Wang, Z.; Tasneem, N.;
Zubair, A.; Ravindran, P. V.; Tian, M.;
Gaskell, A. A.; Triyoso, D.; Consiglio, S.;
Tapily, K., et al. Antiferroelectric negative
capacitance from a structural phase tran-
sition in zirconia. Nature communications
2022, 13, 1228.

(17) S.M. Sze, K. K. N. Physics of Semicon-
ductor Devices ; John Wiley & Sons, Ltd,
2006; pp 197–240.

(18) Martin, S.; Baboux, N.; Albertini, D.;
Gautier, B. A new technique based on cur-
rent measurement for nanoscale ferroelec-
tricity assessment: Nano-positive up neg-
ative down. Review of Scientific Instru-
ments 2017, 88 .

10


