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Improved Polarization-Retention-Endurance in Hf0.5Zr0.5O2
Films by ZrO2 Capping via Electrostatic Effects

Tingfeng Song, Panagiotis Koutsogiannis, César Magén, José A. Pardo,
Florencio Sánchez,* and Ignasi Fina*

Ferroelectric hafnia is one of the most promising materials for next generation
of non-volatile memory devices. Several strategies have demonstrated to be of
interest to improve its functional properties. Interface engineering, realized by
the introduction of additional layer in the capacitor structure, is demonstrated
as a promising strategy. However, interface layers can have multiple
implications, such as changes in the chemistry of the interfaces and an
increase of depolarization field, whose effects are difficult to discriminate. The
role of HfO2 and ZrO2 capping is explored on polarization, retention,
endurance, and leakage properties of Hf0.5Zr0.5O2 epitaxial films. In HfO2

capped films, lower polarization is observed, and endurance and retention are
also comparably worse than in ZrO2 capped films. Complementary under
illumination ferroelectric characterization and capacitance measurements
indicate a reduction of defects and interface capacitance contribution in ZrO2

capped films. For both cappings, the interfaces with the Hf0.5Zr0.5O2 layer are
shown to be compositionally sharp and the phase of Hf0.5Zr0.5O2 (HZO)
grains is replicated on the capping layer, indicating that electrostatic effects
prevail and that the use of interface layers with high permittivity, here ZrO2, is
crucial to favor good functional properties.

1. Introduction

Ferroelectric doped HfO2 is of interest for memory applications
due to its CMOS compatibility.[1] In addition, hafnia is also of
interest for artificial intelligence engines,[2] energy harvesting
applications[3] and nanogenerators, despite its low piezoelectric
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response.[4] Several strategies are be-
ing developed to improve the functional
properties of this family of materials.[5]

The use of so-called interface layers
has demonstrated to be an interesting
approach for this purpose. IrO2

[6] and
CeO2

[7] layers on top of HZO and Y:HfO2
(YHO) films, respectively, have shown
positive effects on polarization and en-
durance. It has been claimed that the
interface layer provides oxygen[6] and/or
stress,[7] which helps to stabilize the
ferroelectric orthorhombic phase in the
doped HfO2 film. Other interface layers
such as RuO2,[8] Al2O3,[9–11] La2O3,[12] or
ZrO2

[13] have shown to improve the en-
durance properties at the expense of a
reduced ferroelectric polarization. As it
can be seen by relevant functional prop-
erties of results of literature summarized
in Table 1, a variation among results ex-
ists. This is probably due to the differ-
ent oxygen affinity and electrical prop-
erties of the characterized interface lay-
ers, which have diverse and probably

juxtaposed implications. The fact that bare ferroelectric doped
HfO2 films in these studies show very different properties also
makes difficult to compare the effect of interface layer among the
different reported works. Regarding retention and endurance,
the presence of non-ferroelectric phases in single films has been
shown to improve endurance[14] at the expense of retention.[15]
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Table 1. Literature and present work values of the effects of interface layers on polarization, endurance, and retention of doped HfO2 films. Structures
are named from top to bottom. *Endurance experiment was performed at 1 MHz in ref. 11, a significantly larger frequency than in the other works. Due
to the different experimental conditions used in the literature quantitative comparison of retention can not be done.

Without interface-layer Pr [μC cm−2] With interface-layer Pr [μC cm−2] Endurance [cycles] [Pr
(μC cm−2) @ after indicated

cycles]

Retention Reference

W/HZO/W 21.5 W/HZO/IrOx 26.5 106 [30] x [6]

W/YHO/W 1.7 CeO2/YHO/W 21 109.5 [7] x [7]

TiN/HZO/TiN 17 TiN/HZO/RuO2 or viceversa 25 108 [10] Reported [8]

TiN/HZO/TiN 27 Al2O3/HZO/TiN 21 108 [5] x [10]

W/HZO/W 12.5 W/Al2O3/HZO/W 15.7 near 1010 [10]* x [11]

TiN/HZO/TiN 18.75 TiN/HZO/La2O3 16.25 107 Reported [12]

TiN/Hf0.43Zr0.57O2/SiO2/Si 1.1 ZrO2/Hf0.43Zr0.57O2/SiO2/Si 6.8 3 × 105 [10] x [13]

Pt/HZO/LSMO 12 ZrO2/HZO/LSMO 20 1010 [2.5] Reported this work

The presence of a non-ferroelectric interface layer at the top
might have a similar effect.[16] Besides, retention properties
have been scarcely reported in layered systems.[12,17] It is also
worth noting that these studies are focused on systems where
chemically reactive electrodes, such as TiN, are used, which are
known to produce oxygen deficiency at the HfO2 layer,[18] and
that post annealing processes commonly used to stabilize or-
thorhombic phase can generate blurry interfaces with important
chemical interaction. In brief, a comparative study using inter-
face layers showing sharp interfaces and similar oxygen affinity
while monitoring polarization-endurance-retention properties is
needed.

Beyond the study of interface single layers, nanolaminates
based on ZrO2 and HfO2 have been studied.[19–21] It has been
shown that for increasing the number of layers (at constant to-
tal thickness) the system transforms from paraelectric to fer-
roelectric with important intermixing between layers.[19–21] The
enhancement of the ferroelectric polarization is linked to the
formation of orthorhombic phase. In this regard, nanolami-
nate periodicity and annealing temperature have an important
impact also on endurance and leakage current.[22,23] Nanolami-
nates based on Al2O3 and ferroelectric doped HfO2 have demon-
strated to be of interest to develop thick (>20 nm) ferroelec-
tric films with sizable polarization,[24,25] of great importance for
applications.[26,27]

Epitaxial films, of larger crystalline quality than polycrystalline
samples, are of significant interest for understanding charac-
teristics and prototyping devices.[28] In addition, epitaxial films
present remarkable distinct functional features respect to the
polycrystalline samples, as it is the absence of wake up effect, the
rational dependence between coercive field and thickness, and
the performance of larger polarization for films below 5 nm.[28,29]

However, despite of this interest, interface-layer effects on epi-
taxial films have been seldomly investigated. Here, we study
the impact of ZrO2 and HfO2 capping layers of different thick-
ness on Hf0.5Zr0.5O2 epitaxial films. It is shown that the ZrO2
and HfO2 cappings have different impact on the ferroelectric
polarization, fatigue, and retention of the samples. ZrO2 cap-
ping enhances ferroelectric polarization, endurance, and reten-
tion compared with HfO2 capping. Capacitance dependence on
thickness and the effect of interface capacitance has been ana-
lyzed. In addition, polarization versus voltage (P–V) loops mea-

sured under illumination have been also measured. The results
reveal that accumulation of oxygen vacancies most probably oc-
curs for HfO2 capping.This undesired effect is reduced if ZrO2
capping is used due to its higher permittivity, which we claim
to be at the origin of ZrO2 capping positive impact on the func-
tional properties. Therefore, changes in the electrostatic bound-
ary conditions imposed by the electric properties of interface lay-
ers can result in an improvement of polarization, endurance and
retention.

2. Results

Two sets of three epitaxial nominal ≈10 nm-HZO samples
capped with HfO2 or ZrO2 layers of thicknesses 1, 2, and 3 nm,
and one control sample of without capping were prepared on
La0.67Sr0.33MnO3 (LSMO) bottom electrode on (001)-oriented
SrTiO3 (STO) substrates. The thickness range of the samples un-
der study is above optimal values.[30] This is done to disclose in
an easier manner thickness effects from the capping layer effect,
due to in the explored range monotonous decrease of polarization
with thickness is expected.[30] Pt top contacts were deposited ex-
situ. The final structure is sketched in Figure 1a. In Figure 1b the
P–V loops collected in the HfO2 capped samples and non-capped
HZO sample are shown. 5.5 V was selected as maximum applied
voltage to ensure full saturation for all the films; note that the
increase of Ec while increasing thickness is not significative and
thus the data is comparable. It can be observed that, whereas the
film without capping and that with 1 nm capping show similar re-
manent polarization (Pr = 14 μC cm−2 for 0 and 1 nm capping),
those with 2 and 3 nm capping show much lower polarization
(Pr = 5 μC cm−2). In Figure 1c, the P–V loops collected in the
ZrO2 capped films are shown. Remarkably, it can be observed
that irrespective of the ZrO2 capping thickness the polarization
remains nearly constant and as large as 20 μC cm−2 with loops
of the 1 and 2 nm capped films almost overlapping. From data
included in Figure 1b,c, it can be concluded that the ZrO2 cap-
ping results in an enhancement of polarization with respect to
pure HZO films, contrary to HfO2 capping. Same trend is ob-
served for values obtained using PUND method (Figure 1d,e). In
Figure 1f, Pr values obtained on the different samples as a func-
tion of capping thickness are summarized. The larger polariza-
tion for any capping thickness in the ZrO2 case compared to that
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Figure 1. a) Sketch of the HZO devices. b,c) P–V loops of the HfO2 and ZrO2 capped films, respectively, with the indicated capping thickness. d,e) P–V
PUND loops of the HfO2 and ZrO2 capped films, respectively, with the indicated capping thickness. f) Summary of the Pr values as a function of the
capping thickness. Black round circles correspond to the non-capped film of the present work. Solid symbols correspond the Pr values extracted from
the loops shown in panels (b,c). Empty symbols correspond the Pr values extracted from the PUND loops shown in panels (d,e).

of HfO2 can be clearly inferred. Note that the values of polariza-
tion in the explored thickness range are greater than the reported
ones in single-layer epitaxial HZO films.[30]

Figure 2a,b shows XRD 2𝜃–𝜒 maps of the non-capped film
and the films capped with HfO2 and ZrO2 measured with a 2D
detector. The brighter spots correspond to the overlapping re-
flections of the STO substrate and the LSMO electrode. HZO
spots appear at ≈28.3°, ≈30°, and ≈34.4°, which correspond to
the position of the monoclinic (−111), orthorhombic (111) and
monoclinic (002) reflections, respectively. Monoclinic (002) re-

flection is present in all the samples, while the monoclinic (−111)
reflection is suppressed in the ZrO2 capped films. The low in-
tensity circular spot at similar position (≈29°) is a Laue oscilla-
tion of the orthorhombic (111) reflection (Figure S1, Supporting
Information). Note also that the orthorhombic (111) reflection
overlaps with the tetragonal (101) peak and that the monoclinic
(002) reflection can be overlapped with both the (002) orthorhom-
bic and the (002) tetragonal ones. It is apparent that the mono-
clinic reflections expand along 𝜒 , whereas the orthorhombic one
does not, indicating the larger mosaicity of the monoclinic phase.

Figure 2. a,b) XRD 2𝜃–𝜒 maps of the non-capped film and films capped with HfO2 and ZrO2, respectively. c) Intensity (after background subtraction)
of the monoclinic (−111) and monoclinic/orthorhombic/tetragonal (002) and orthorhombic (111)/ tetragonal (101) reflections as a function of capping
thickness (see integrated 2𝜃 scans in Figure S2, Supporting Information).
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Figure 3. Low magnification HAADF-STEM images of the 2 nm-thick a) HfO2 and b) ZrO2 capped HZO films. Representative orthorhombic grains with
their corresponding epitaxy relations of the 2-nm-thick c) HfO2 and e) ZrO2 capped HZO films. Representative monoclinic grains with their correspond-
ing epitaxy relations and image simulations of the structure of the 2 nm-thick d) HfO2 and f) ZrO2 capped HZO films. Zone axis corresponds to the
[110] direction of LSMO.

Considering this mosaicity, 2𝜃 scans were obtained by integrat-
ing in 𝜒 = ±10o (Figure S2, Supporting Information). The inte-
grated intensity of the monoclinic (−111) (except for ZrO2 capped
films), monoclinic (002), and orthorhombic (111) reflections is
plotted as a function of the capping thickness in Figure 2c. It
can be observed that in both sets of samples the orthorhombic
peak intensity is approximately constant. However, the peak cor-
responding to monoclinic (−111) phase is present and increases
with HfO2 capping thickness. The intensity of the monoclinic
(002) reflection is low in all samples and shows no evident de-
pendence on thickness. Thus, the main difference between the
two sets of samples is the presence of monoclinic (−111) reflec-
tion in HfO2 capped films, which increases its intensity with the
HfO2 capping thickness.

In Figure 3, we evaluate the local microstructure and the inter-
face sharpness of the films, where HAADF-STEM cross-sectional
images of 2 nm-thick HfO2 and ZrO2 capped films are shown.
Low magnification images (Figure 3a,b) show thickness values
≈10 and 9 nm for the HZO layer and ≈2 nm for the HfO2 and
ZrO2 capping, respectively, in good agreement with thicknesses
obtained from Laue oscillations fitting (Figure S1, Supporting In-
formation). The different thickness of the samples is a result of
the slightly different growth rate due to experimental variability
during the growth of the films on different processes without rel-
evant impact on structural properties. The LSMO bottom elec-
trode and STO substrate are also shown. Figure 3c,e show rep-
resentative examples of HZO orthorhombic grains, evidencing
that the HfO2 or ZrO2 capping layer adopts its same orthorhom-
bic structure and orientation. Figure 3d shows one monoclinic
(−111) grain for the HfO2-capped sample. In this case HfO2 cap-
ping also replicates the crystal structure of the HZO layer. Sim-
ilarly, the monoclinic (001) grain shown in Figure 3f shows uni-
form structure in the HZO layer and the ZrO2-capping. An equiv-
alent conclusion can be deduced from Supporting Information
Figure S3 (Supporting Information), in which monoclinic and
orthorhombic grains with different orientation in the HZO layer

also show replicated crystal structure in their HfO2 and ZrO2 cap-
pings. Therefore, there is crystalline coherence between the HZO
layer and the capping.

Figure 4a,b shows maps obtained by data interpolation of en-
durance as a function of cycling voltage and capping thickness for
HfO2 and ZrO2 capping, respectively. Endurance graphs of all the
samples are presented in Figure S4 (Supporting Information).
Endurance values in Figure 4a,b correspond to the number of cy-
cles up to that Pr is above 2.5 μC cm−2. For the 1 nm-thick HfO2
capping, it can be observed that endurance is up to 1010 cycles,
but not for the other capping thicknesses and the non-capped
HZO film. This high endurance is larger than the values reported
in capped structures of polycrystalline films (Table 1).[6–8,10,12]

The endurance map for ZrO2 capping shows a similar result. At
higher and lower than the optimal voltage values fatigue is larger
due to faster degradation of device and to overall lower switch-
able polarization, respectively. Note that all the films show severe
fatigue during the first cycles (Figure S4, Supporting Informa-
tion). This severe fatigue can be ascribed to field induce phase
transition during cycling,[31] or defects redistribution. However,
the relevant role of the capping layer indicates that defects redis-
tribution is likely at the origin as discussed below, due to simi-
lar behavior would be expected in presence of phase transition
while comparing both sets of samples. Despite of that, all sam-
ples show 2·Pr > 2.5 μC cm−2 after 107 cycles indicating their good
endurance properties compared with the reported endurance of
polycrystalline bilayer systems (Table 1), in addition of the ab-
sence of wake-up effect (Supporting information Figure S4, Sup-
porting Information), as commonly found in epitaxial films.[28]

The polarization evaluated after 106 cycles as a function of cycling
voltage and capping thickness is shown in Figure 4c,d. It can
be observed that the range (voltage and capping layer thickness)
where polarization in ZrO2 capping is higher than 4 μC cm−2

is substantially wider compared with the case of HfO2 capping.
In Figure 4e, loops after 106 cycles for 1 nm-thick capping of
HfO2 and ZrO2 are shown, as an example to visualize the larger
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Figure 4. a,b) Map of HZO endurance as a function of cycling voltage and capping thickness for HfO2 and ZrO2 capping, respectively. c,d) Map
of polarization evaluated after 106 cycles as a function of cycling voltage and capping thickness for HfO2 and ZrO2, respectively. Maps are done by
interpolation of data included inFigure S4 (Supporting Information). e) P–V loops after 106 cycles for 1 nm HfO2 and ZrO2 capped films. Note that
loops shown in (e) were measured and cycled at the optimal cycling voltage for each capping layer, 5 and 4.5 V for HfO2 and ZrO2 capping, respectively.

polarization of ZrO2 capped films after cycling. Therefore, the
presence of ZrO2 capping enhances also endurance.

In Figure 5a,b, the retention evaluated for representative 1-
and 2 nm-thick HfO2 and ZrO2 capping is shown. The reten-
tion data for all the samples is presented in Supporting Infor-
mation Figure S5 (Supporting Information). Extrapolated polar-
ization at 10 year is ≈12 μC cm−2 for ZrO2 capped layers, much
above non-capped and HfO2 capped samples (Figure S5, Sup-
porting Information). The used maximum delay time in the re-
tention experiments is lower than that reported for RuO2

[8] and
La2O3

[12] capped polycrystalline films, hindering direct compar-
ison. In any case, the retention for the HfO2 capping is lower
compared with the ZrO2, suggesting that depolarization fields
play a larger role in samples with HfO2 capping. A better perfor-
mance for ZrO2 capping is also observed in the leakage curves
of representative 2 nm-thick HfO2 and ZrO2 capped films, plot-
ted in Figure 5c. Leakage curves for all the samples are displayed
in Supporting Information Figure S6 (Supporting Information).
Leakage in the pristine state is similar in both samples. However,
after 106 cycles (at 5 V and 100 kHz) the leakage evaluated at 1 V
for HfO2 capping is near two orders of magnitude larger than
for ZrO2 capping. This indicates a larger presence of defects in
HfO2 capped films. P–V loops of the same samples in dark and
under illumination with light of 405 nm wavelength are plotted
in Figure 5d. It can be observed that the 2 nm-thick HfO2 capped
films show a reduction of the polarization under illumination.
Being the bandgap of HfO2 much larger (≈ 5.8 eV)[32–34] than
the used photon energy (3.06 eV), the observed photoresponse

indicates a larger presence of defects, likely oxygen vacancies, in
HfO2 capped films.[35,36]

3. Discussion

In brief, we have found that a thin ZrO2 capping layer enhances
polarization, retention and endurance respect to the HfO2 cap-
ping. First, it might be argued that it is a thickness effect. It is
usual in polycrystalline and epitaxial films that the highest po-
larization occurs at certain thickness. However, in the explored
equivalent thickness range one should expect a decrease of po-
larization with thickness[30,37] instead of an increase, disregard-
ing the thickness effect at the origin of the polarization enhance-
ment by ZrO2 capping. If we consider the total thickness of
the film, which vary while comparing HfO2 and ZrO2 capped
films (see Figure S1, Supporting Information) a similar scenario
holds. Second, it is known that HZO polarization strongly de-
pends on the Hf/Zr ratio. Larger Hf or Zr content in polycrys-
talline films results in a reduction of the Pr due to increased con-
tent of monoclinic or tetragonal phase, respectively.[38] In epitax-
ial films the variation of Hf/Zr ratio has a smoothed impact on
polarization.[39] Therefore, the mere presence of larger amount of
Zr in ZrO2 capped samples compared with the HfO2 ones, might
lower the formation energy for the orthorhombic phase, increas-
ing its relative amount and therefore positively impacting on the
polarization. However, considering capped films as single-layers,
the overall compositions shift to Zr (Hf) rich for ZrO2 (HfO2)
capping in the x = 0.4 to 0.6 range of HfxZr1-xO2. The increase

Adv. Electron. Mater. 2023, 2300509 2300509 (5 of 9) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202300509 by U
niversidad D

e Z
aragoza, W

iley O
nline L

ibrary on [13/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advelectronicmat.de

Figure 5. a,b) Retention at room temperature using opposite state pulse train of 1 and 2 nm capped HZO films, respectively. Dash lines are guide for
the eye. c) Leakage current versus voltage of 2 nm capped films in pristine state and after 106 cycles at 100 kHz. d) P–V loops of 2 nm capped HZO films
in dark and under illumination.

of monoclinic phase for HfO2 capping follows the trend reported
for epitaxial single layers with different Zr/Hf ratio.[39] However,
the 50 % increase of Pr found here for ZrO2 capping largely over-
passes the minute increase that one would expect for Hf0.4Zr0.6O2
as extrapolated from reported data.[39]

A plausible third scenario to account for the positive impact
of ZrO2 capping in all the measured functional properties is
described as follows. As data below indicate, HfO2 layers show
lower permittivity than ZrO2 layer ones. The lower HfO2 permit-
tivity results in a larger depolarization field. These depolariza-
tion fields might have in-plane and out-of-plane contributions.[40]

Electric imprint field is toward LSMO, thus polarization is down-
ward during the growth and/or cooling of the film and concomi-
tant orthorhombic phase formation. Therefore, the larger depo-
larization field can favor an accumulation of oxygen vacancies at
the HZO/HfO2 top interface (Figure 6a), as reported at the in-
terfaces of polycrystalline films with other capping oxides.[8] As
a result, larger interface capacitance should be observed in HZO
films with HfO2 capping. Note that after growth, oxygen vacan-
cies are likely not charged, as revealed by the small difference on
the Eimp between HfO2 and ZrO2 capped films (Figure 1).

Indeed, in Figure 6c, the reciprocal capacitance as a function of
capping thickness is shown. Note that in this case the reciprocal
capacitance can be computed through the following relation for
three capacitors in series:

1
Ctotal

= 1
Ci

+ 1
CHZO

+ 1
Ccapping

= 1
Ci

+
tHZO

𝜀0𝜀HZOS
+

tcapping

𝜀0𝜀cappingS
(1)

where Ci, CHZO and Ccapping are the interface capacitance, the
HZO capacitance and the capping layer capacitance, respectively.
S is the electrode area, tHZO and tcapping account for the thickness
of the HZO layer and capping layer, respectively. Thus, the inter-
cept of the reciprocal capacitance shown in Figure 6c should be
1
Ci
+ 1

CHZO
. In the case of the ZrO2 set of samples the intercept

is near the 1
CHZO

(triangle in Figure 6c), which is estimated from

the capacitance measured in the non-capped film. This indicates
the small additional contribution of Ci in the ZrO2 set. Instead,
for the HfO2 set of samples the intercept is larger, indicating that
there is a sizeable contribution of Ci, meaning a thicker and/or
lower-permittivity dead layer. In Figure 6d, the 1

Ci
+ 1

CHZO
term

(right axis) for both sets is plotted and compared with the 1
CHZO

from the non-capped film. It can be more clearly appreciated that
the 1

Ci
+ 1

CHZO
term is similar to 1

CHZO
for ZrO2 but not for HfO2. In

epitaxial films 𝜖r varies ≈5 per 10 nm in the explored thickness
range due to the orthorhombic phase ratio change, as reported
elsewhere.[29] This possible variation has been added as error bar
in Figure 6c,d and it can be observed that its effect should be neg-
ligible. Therefore, the different slope of the two sets of samples
account for the different 𝜖r of the capping layers (see Equation 1).
Using Equation 1, 𝜖r is extracted and plotted in figure 6d (left
axis). It can be observed that 𝜖r is significantly smaller for HfO2
capping, as it is also reported in HfO2 epitaxial films in compari-
son to doped ones.[41] Besides, the presence of larger leakage cur-
rent, photoresponse and presence of interface capacitance in the
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Figure 6. a,b) Sketch of the different accumulation of oxygen vacancies depending on the capping. c) Reciprocal of capacitance as a function of the
capping thickness. d) Permittivity extracted from the slope of the straight-line fits shown in panel (c) in left axis. 1

Ci
+ 1

CHZO
term extracted from the

intercept point of the straight-line fits shown in panel (c) in right axis. Permittivity and reciprocal capacitance of the non-capped HZO sample are also
included.

HfO2 capped films shown in Figure 5c, indicate the large pres-
ence of oxygen deficiency at the interface. During cycling these
defects are probably redistributed causing severe fatigue as ob-
served (Figure S4, Supporting Information).Contrary to previous
results on polycrystalline films,[42,43] the presence of larger num-
ber of defects at the interface, does not produce here wake-up
effects (Figure S4, Supporting Information), indicating the posi-
tive role of sharp interfaces of epitaxial films. Therefore, the pres-
ence of a higher permittivity capping has an ultimate positive im-
pact on the main functional properties: polarization and reliabil-
ity and interface-layer with high permittivity would be manda-
tory to avoid large amount of defects. In addition, orthorhombic
phase has been also stabilized in ZrO2 films enabling polariza-
tion values up to 50 μC cm−2.[44,45] Thus additional positive con-
tribution of this largely polarizable phase can further promote
the good performance of ZrO2 capped samples. Alternatively,
the opposite band bending expected due to the different electron
affinity of HfO2 and ZrO2,[46] can also result in a similar effect,
i.e., accumulation of oxygen defects in one case and not in the
other.

4. Conclusion

It has been shown that ZrO2 capping results in higher
polarization-endurance-retention than HfO2 capping. Leakage
and photoferroelectric response experiments indicate that the
number of defects is larger in HfO2 capped films. Capacitance

characterization shows that interface capacitance contribution
is also more important in HfO2 capped films than in ZrO2
ones, which indicates that defects are probably accumulated at
HZO/HfO2 interface. We suggest that the lower permittivity of
HfO2 causes a larger contribution of the interface capacitance,
increasing also the depolarization field that generates accumu-
lation of defects at the interface, impacting negatively on func-
tional properties. The absence of evident Hf/Zr intermixing at the
interfaces excludes that interface chemistry plays a relevant role
and that electrostatic effects prevail. Therefore, we have further
demonstrated the dominant role of the dead layer presence and
established a strategy, the use of high permittivity capping, to re-
duce it, resulting in a positive effect on relevant functional prop-
erties, such as polarization-endurance-retention. Despite integra-
tion of the proposed approximation in devices would require fur-
ther relevant characterization, using higher frequency endurance
tests during greater number of cycles and retention experiments
in harsh environments during longer delay times, and further
materials optimization by different doping and/or thickness se-
lection, the strategy presented here, represents a solid base for
further progress.

5. Experimental Section
Bottom LSMO electrodes, ferroelectric HZO films, and HfO2 and ZrO2
capping layers were grown on (001)-oriented STO substrates in a

Adv. Electron. Mater. 2023, 2300509 2300509 (7 of 9) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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single process by pulsed laser deposition using a KrF excimer laser
(248 nm wavelength). The LSMO bottom electrodes, with a thickness
t ≈25 nm, were grown at a substrate temperature of TS = 700 °C and
oxygen pressure PO2 = 0.1 mbar.[47] HZO, HfO2, and ZrO2 layers were
grown at 800 °C and PO2 = 0.1 mbar, as reported elsewhere.[48] The sub-
strate temperature was measured using a thermocouple inserted in the
middle of the heater block. Structural characterization was performed by X-
ray diffraction (XRD) using Cu K𝛼 radiation. Atomic-scale structural anal-
ysis of selected films was performed by scanning transmission electron
microscopy (STEM) in high-angle annular dark field (HAADF) imaging
mode. A Thermo Fisher Titan 60–300 microscope equipped with a high
brightness Schottky field emission gun and a CETCOR probe-corrector
(CEOS Gmbh) was operated at 300 kV to provide a probe size below
0.1 nm. Cross-sectional lamellas of the specimens, cut along (110) and
(100) planes of the STO substrate were prepared by Focused Ion Beam
milling in a Thermo Fisher Helios 650 Nanolab. STEM image simulations
were carried out with the Dr. Probe software package.[49] Platinum top elec-
trodes for electrical characterization, 20 nm-thick and 20 μm in diameter,
were grown by dc magnetron sputtering through stencil masks. Ferroelec-
tric characterization was done using a TFAnalyzer2000 (AixAcct Gmbh)
platform. Ferroelectric polarization loops were measured at 1 kHz using
the dynamic leakage current compensation (DLCC) procedure at room
temperature with the bottom electrode being grounded.[50] Endurance
was studied by cycling the sample at 100 kHz using bipolar square pulses
of the indicated amplitude and measuring polarization loops at 1 kHz. Re-
tention was characterized at room temperature by prepolarizing the sam-
ple with a pulse 5.5 V amplitude and measuring the polarization state
by Positive-Up-Negative-Down (PUND) method using the opposite state
pulse train.[8,41] Leakage was measured with 1 s integration time for each
point. Capacitance (C) loops were measured by using an impedance an-
alyzer (HP4192LF, Agilent Co.) operated with an excitation voltage (VAC)
of 300 mV at 100 kHz. 300 mV had been selected due to it is the largest
one with no contribution of ferroelectric switching or domain wall motion
contribution (see Supporting Information Figure S7, Supporting Informa-
tion). Under illumination experiments have been done by direct illumina-
tion of the characterized capacitor with light of 405 nm wavelength and
with a power density of ≈200 mW cm−2. Further details on the set-up are
described elsewhere.[51] Note that at the used wavelength transparency of
Pt electrodes is ≈14%, ensuring important amount of light reaching the
interface.[52,53]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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