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Interplay between Strain and Defects at the Interfaces of
Ultra-Thin Hf0.5Zr0.5O2-Based Ferroelectric Capacitors

Greta Segantini,* Benoît Manchon, Ingrid Cañero Infante, Matthieu Bugnet,
Rabei Barhoumi, Shruti Nirantar, Edwin Mayes, Pedro Rojo Romeo, Nicholas Blanchard,
Damien Deleruyelle, Sharath Sriram, and Bertrand Vilquin

Hafnium zirconium oxide (HZO) is an ideal candidate for the implementation
of ferroelectric memristive devices, due to its compatibility with the
complementary metal-oxide-semiconductor technology. Ferroelectricity in
HZO films is significantly influenced by the properties of electrode/HZO
interfaces. Here, the impact of the interfacial microstructure and chemistry on
the ferroelectricity of 6 nm-thick HZO-based capacitors, realized by
sputtering, with titanium nitride or tungsten electrode materials, is
investigated. The results highlight a strong correlation between the structural
properties of electrode/HZO interfaces and the HZO ferroelectric
performance. Interface effects become significant at low HZO thickness, thus
the precise control over the quality of electrode/HZO interfaces allows the
remarkable improvement of HZO ferroelectric properties. A double remanent
polarization of 40 µC cm−2 is achieved. This work is a new step towards high
quality ultra-thin HZO films with enhanced ferroelectricity for the
implementation of ferroelectric tunnel junctions for brain-inspired computing.

1. Introduction

The exponential development of artificial intelligence technolo-
gies has increased the demand of computing power and en-
ergy efficiency. In this respect, ferroelectric tunnel junction (FTJ)
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memristors are extremely promising
components for the implementation of
beyond-Von Neumann hardware archi-
tectures, such as in-memory computing
and brain-inspired computing.[1,2 ] The
discovery of ferroelectricity in Si-doped
HfO2 has paved the way for the inte-
gration of ferroelectric-based devices
into the complementarymetal-oxide-
semiconductor (CMOS) industry.[3 ]

Among dopants, zirconium (Zr) is one
of the most investigated.[4,5 ] Similarly
to HfO2, ZrO2 has been widely used in
the micro- and nano-electronic industry,
and the Hf0.5Zr0.5O2 compound, through
Hf:Zr 1:1 substitution, displays high
values of remanent polarization and low
crystallization temperature.[6 ] The syn-
thesis of HZO films less than 8 nm-thick
and the control of the heterostructure
properties are crucial for the fabrication

and performances of FTJs. However, this still represents a chal-
lenging task, since at low film thickness the nucleation of the
non-ferroelectric tetragonal phase is favored compared to the fer-
roelectric orthorhombic phase.[7 ] Numerous studies have been
dedicated to enhancing the ferroelectric properties of HZO-based
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Figure 1. a) Schematic of the structure and the cross-section of the synthesized specimens. b) Current response extracted during a PUND cycle, in
gray the waveform used for the PUND measurements and for the device cycling. c) P—E curves of samples TiN/HZO/TiN extracted at 105 cycles,
TiN/HZO/W extracted at 104 cycles, W/HZO/TiN extracted at 104 cycles, and W/HZO/W extracted at 104 cycles.

devices by optimizing the fabrication conditions and engineer-
ing the device structure, with the aim of achieving robust ferro-
electric behavior in increasingly thinner films. Among the strate-
gies employed, the choice of electrodes has emerged as a cru-
cial factor. While conductive titanium nitride (TiN) has been ex-
tensively investigated as an electrode material for thin HZO-
based structures, other literature reports have shown improve-
ments in HZO ferroelectric properties through the use of metal
electrodes. Indeed, they have been proposed as a means to en-
hance the properties of electrode/HZO interfaces, thereby im-
proving the endurance, wake-up, and remanent polarization of
the device.[8–11 ] Recently, the ferroelectricity in ultra-thin HZO
films has been demonstrated down to 1 nm.[12,13 ] At this thick-
ness, interface effects become dominant, and precise control
of the electrode/HZO interfaces is essential to avoid the degra-
dation of HZO ferroelectric properties. Since the discovery of
the ferroelectric phase in doped-HfO2 in 2011,[3 ] the synthesis
of HfO2-based and HZO thin films has been carried out by
various deposition techniques such as atomic-layer deposition
(ALD)[6,14–18 ] and plasma-enhanced ALD (PE-ALD),[19,20 ] pulsed-
laser deposition (PLD),[21–25 ] and sputtering.[26–32 ] However, the
latter has rarely been used for the deposition of HZO films be-
low 7 nm, for which PLD,[33–35 ] ALD,[13,36 ] and PE-ALD[10,37 ] are
employed. Here, we studied four different 6 nm-thick HZO-
based heterostructures, which were entirely realized by sputter-
ing, with electrodes made of TiN and/or tungsten (W). We re-
port an exhaustive analysis of the structural and chemical prop-
erties of the electrode/ferroelectric interfaces and highlight how
they influence the ferroelectric performances of ultra-thin HZO-
based devices. Promising results in the synthesis of ferroelectric
thin films have been reported in the literature using W as elec-
trode material,[10,11,38 ] due to its relatively low thermal expansion
coefficient (TEC) compared to the one of TiN (TECW ≈ 4.16 ×
10−6 K(-1), TECTiN ≈8 × 10−6 K−1 ). In the cited works the fer-
roelectric films were mainly fabricated using ALD, which may

present some constraints in terms of deposition rates and cost-
effectiveness. In contrast, sputtering is an attractive alternative
for several reasons, including faster deposition rates, compati-
bility with room temperature deposition, absence of carbon con-
tamination, and compatibility with industrial processes.[26,28 ] In
this work, we provide relevant information for the synthesis of
ultra-thin HZO films with robust ferroelectricity using sputter-
ing, achieving a state-of-the-art result. These devices could be ap-
propriate for the implementation of FTJs, which could serve as
memory units in neuromorphic architectures, where device relia-
bility is fundamental.[39 ] For this reason, the improvement of ma-
terial engineering and optimization of device structure are critical
aspects to deal with.

2. Results

2.1. Electrical Characterization

Four heterostructures were investigated: n+Si/TiN/HZO/TiN/
Ti/Pt, n+Si/TiN/HZO/W/Ti/Pt, n+Si/W/HZO/TiN/Ti/Pt,
and n+Si/W/HZO/W/Ti/Pt. For simplicity, they are called
TiN/HZO/TiN, TiN/HZO/W, W/HZO/TiN, and W/HZO/W, re-
spectively, in the remainder of the manuscript. Figure 1a reports
a schematic of the device structure and its cross-section. The
Positive-Up-Negative-Down (PUND) technique was employed
to measure the polarization versus electric field (P—E) char-
acteristics of the four samples, shown in Figure 1c. Figure 1b
reports the current response of sample W/HZO/W recorded
during a PUND pulse train, together with the voltage waveform
used for PUND measurements and device cycling. Details on
the procedure used to extract the P—E curves can be found
in Supporting Information. The double remanent polarization
(2Pr) of sample TiN/HZO/TiN is ≈4 µC cm−2. It is remarkably
higher for samples TiN/HZO/W and W/HZO/W, for which
it is ≈30 and ≈40 µC cm−2, respectively. On the contrary, 2Pr
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Figure 2. Endurance test of samples TiN/HZO/TiN, TiN/HZO/W,
W/HZO/TiN, and W/HZO/W, performed using a cycling voltage of ± 2
V as indicated in Figure 1b. Circles are drawn at the number of cycles
at which the P–E curve was extracted, black stars indicate the breakdown
point.

does not reach 1 µC cm−2 in the case of sample W/HZO/TiN.
Sample TiN/HZO/TiN is characterized by the largest coercive
field (Ec), ≈±1.5 MV cm−1. Ec values of samples TiN/HZO/W
and W/HZO/W are ≈±1 and ≈±0.8 MV cm−1, respectively.
An Imprint, which is the tendency of ferroelectric materials to
develop a preferred state of polarization resulting in a shift of the
center of the hysteresis loop, was detected in both TiN/HZO/TiN
and TiN/HZO/W specimens. The difference in the absolute
value of the positive and negative coercive field caused by the
imprint should ideally be minimized to avoid data loss.[40,41 ]

In both cases, the imprint is likely associated with structural
differences between the top and bottom interfaces, such as
different surface terminations and atomic arrangement,[42,43 ]

since TiN and W are characterized by similar values of the work
function, about 4.5 eV.[44,45 ]

The evolution of polarization as a function of applied volt-
age cycles of samples TiN/HZO/TiN, TiN/HZO/W, W/HZO/TiN,
and W/HZO/W is reported in Figure 2. The TiN/HZO/TiN
sample exhibits the highest endurance of 5 × 106 cycles.
The TiN/HZO/W and W/HZO/W samples experience electri-
cal breakdown at 5 × 105 and 104 cycles, respectively. Fi-
nally, Sample W/HZO/TiN breaks down at ≈105 cycles. Un-
like the TiN/HZO/TiN sample, the TiN/HZO/W and W/HZO/W
heterostructures exhibit ferroelectricity in their pristine state.
However, during cycling, they showed a significant increase
in Pr, commonly referred to as wake-up, compared to the
TiN/HZO/TiN sample. Both the TiN/HZO/W and W/HZO/W
structures reach their maximum Pr values after 104 cycles. On
the other hand, the W/HZO/TiN sample demonstrates an incip-
ient ferroelectric behavior with an undetectable wake-up before
experiencing electrical breakdown.

2.2. Structural and Chemical Characterization

Structural and chemical analyses were performed at different
length-scales, using glancing incidence X-ray diffraction (GI-
XRD) for the whole stack, electron energy-loss spectroscopy
(EELS) in scanning transmission electron microscopy (STEM)
mode for individual interfaces, and high-resolution TEM (HR-
TEM) for the HZO film. This multiscale approach was carried
out to study the HZO/electrode interfacial characteristics and the

nanostructure of HZO. The GI-XRD patterns of the four studied
specimens are reported in Figure 3a. Reference XRD patterns
for TiN, HZO o-/t-phase, HZO m-phase, and the fitting proce-
dure can be found elsewhere.[46 ] Each sample displays a peak
at ≈30.5°, which indicates the co-presence of orthorhombic and
tetragonal phase components, expected at 30.4° (o-HZO(111))
and 30.8° (t-HZO(101)), respectively.[47 ] The monoclinic reflec-
tions, m-HZO(11-1) at 28.4° and m-HZO(111) at 31.6°, are ab-
sent. In the considered range, no peaks corresponding to TiN or
W were detected. Figure 3b reports the results of the fit of the
o-/t-peak for each specimen and the corresponding calculated o-
/t-phase ratio. Samples TiN/HZO/W and W/HZO/W are charac-
terized by o-/t-phase > 1, which implies a predominance of the
o-phase with respect to the t-phase. On the contrary, for samples
TiN/HZO/TiN and W/HZO/TiN, the t-phase prevails over the o-
phase. The values observed for the o/t ratio are in accordance with
the PUND data. Sample W/HZO/W, which displays the highest
2Pr, is also characterized by the highest o/t ratio. While, for sam-
ples TiN/HZO/TiN and W/HZO/TiN, which showed a remark-
ably poor ferroelectrcity, o/t < 1. Nevertheless, this analysis is pri-
marily qualitative, and, as pointed out by Shroeder et al.,[48 ] GI-
XRD cannot unambiguously differentiate the orthorhombic con-
tribution from the tetragonal one, and the deconvolution of the
o-/t-phase could be affected by other parameters, that are, strain
induced by bottom and top electrode, intrinsic strain produced
during the high temperature crystallization process and condi-
tions, and oxygen vacancies content.

In order to gain better insights on the impact of different elec-
trodes on the HZO ferroelectric performances, the microstruc-
ture and chemistry of interfaces were investigated at high reso-
lution using STEM-EELS on 10 µm-diameter pristine capacitors.
The evolution of the O–K edge along the cross-section bottom
electrode (BE)/HZO/top electrode (TE) (shown in the high-angle
annular dark-field (HAADF) image) of the four studied struc-
tures is reported in Figure 4. The O–K edges in Figure 4a,c,e,g
were extracted from the electrodes, bottom interface, top in-
terface, and HZO for samples TiN/HZO/TiN, TiN/HZO/W,
W/HZO/TiN, and W/HZO/W. The corresponding contour plots
of the projected O-K edge intensity along the interfaces are shown
in Figure 4b,d,f,h. For the structure TiN/HZO/TiN (Figure 4a,b),
the presence of an O–K pre-edge in HZO at bottom and top in-
terfaces is in contrast with the center of the HZO film, where the
edge onset is sharper and without pre-edge peaks. The similarity
of the O–K near-edge fine structure (ELNES) at the bottom and
top interfaces suggests that the chemistry is similar at both in-
terfaces. EELS spectra in the energy-loss range 394–555 eV and
of Ti–L2, 3 edges of samples TiN/HZO/TiN, TiN/HZO/W, and
W/HZO/TiN are reported in Figure S6– S9 (Supporting Informa-
tion). The coexistence of N–K, Ti-L2, 3, and O–K edges over few
nm at bottom and top interfaces indicates the oxidation of TiN
into TiN(O),[26,46 ] which is in agreement with earlier reports that
the O–K pre-edge features suggest the presence of defects, such
as oxygen vacancies in HfO2,[49,50 ] or ZrO2.[51,52 ] The O–K edge
fine structures are also very sensitive to crystal field variations in-
duced by structural distortions in the lattice. The occurrence of a
pre-edge and fine structure variations were evidenced in highly
textured films with extremely low thickness.[12 ] Nevertheless, the
absence of O–K pre-edge in the middle of the HZO films, and
the presence of TiN(O) suggest that such structural distortion
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Figure 3. GI-XRD analysis : a) GI-XRD patterns and fits that show intensity versus scattering angle of samples -from top-: TiN/HZO/TiN, TiN/HZO/W,
W/HZO/TiN, W/HZO/W. b) Result of the fit of the o-/t-peak for each specimen, at top left the calculated o-/t-phase ratio.

effects play a minor role on the observed pre-edge compared to
oxygen vacancies. The same O–K edge fine structure variations
are observed at the TiN/HZO interface in samples TiN/HZO/W
(Figure 4c,d) and W/HZO/TiN (Figure 4e,f). The difference be-
tween HZO/W and HZO/TiN interfaces is remarkable, as high-
lighted in the extracted edges in Figure 4c,e, and in the contour
plots in Figure 4d,f. The O–K ELNES in HZO at the HZO/W
interface is comparable to the centre of the HZO film and fades
once W is reached. This observation indicates that the creation of
oxygen vacancies in HZO at the HZO/W interface is much less
prominent than at the HZO/TiN interface. Similar conclusions
are reached for the sample W/HZO/W. The fine structures of the
O–K edge, which reflect the local electronic structure around oxy-
gen atoms, of the HZO layer are characterized by two distinct
peaks, light blue line in Figure 4a,c,e,g. These are due to metal eg-
t2g splitting of the Hf 5d bands.[50,53 ] The ratio between the high-
energy peak (≈537 eV) and low-energy peak (≈533 eV), as well as
the peak splitting differ for each specimen. Samples TiN/HZO/W
and W/HZO/W are characterized by a small ratio and a clear
splitting. On the contrary, a larger ratio and a less defined
peak splitting mark structures TiN/HZO/TiN and W/HZO/TiN.
The latter features can be associated with an oxygen-deficient
HZO,[54 ] and they were demonstrated in oxygen-deficient HfO2
as well.[55 ] In conclusion, TiN as a TE seems to be responsi-
ble for more efficient oxygen scavenging from the HZO layer
with respect to W TE. This result acts as a further explanation

for the appearance of a TiN(O) interlayer at the HZO/TiN (TE)
interface.

HR-TEM was employed to investigate the nanostructure of
the cross-section BE/HZO/TE and the local in-plane grain size
of the HZO layer. HR-TEM images of structures TiN/HZO/TiN,
TiN/HZO/W, W/HZO/TiN, and W/HZO/W are displayed in
Figure 5. In each image, the grain boundaries are marked
with red triangles. Samples TiN/HZO/W and W/HZO/W
(Figure 5b,d) are characterized by smaller in-plane grains
compared to structures TiN/HZO/TiN and W/HZO/TiN
(Figure 5a,c). HR-TEM revealed that a large in-plane grain
size seem to be correlated with poor ferroelectric performances,
in agreement with some reports in literature, which showed
that large grains can induce the formation of high symmetry
phases such as m- and t-phases.[31,56,57 ] Furthermore, Lee et al.
observed that even minor variations in grain size, in thin films
prepared by sputtering, notably influence their ferroelectric
behavior.[31 ] From the HR-TEM analysis, it was not possible to
clearly distinguish the interfacial layer formed at the HZO/TiN
interface. However, its presence is evinced by the STEM-EELS
chemical analysis, where the evolution of the O–K edge fine
structures (in Figure 4c,e) indicates a higher oxidation of the
TiN electrode at the HZO/TiN interface with respect to the
W electrode at the HZO/W one. This observation is sup-
ported by the HAADF images shown in Figure S5 (Supporting
Information).
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Figure 4. EELS analysis: a) EELS O-K edge of sample TiN/HZO/TiN extracted in HZO, TiN BE, at bottom interface, and top interface. b) On the left,
STEM-HAADF image of the cross-section BE/HZO/TE, dashed color lines correspond to the positions where spectra in (a) were extracted. On the right,
EELS O-K edges, represented in a contour plot, extracted along the cross-section BE/HZO/TE. Same for sample TiN/HZO/W c,d), W/HZO/TiN e,f),
and W/HZO/W g,h). The arrows indicate the position of the pre-edge.
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Figure 5. HR-TEM images of samples: a) TiN/HZO/TiN, b) TiN/HZO/W, c) W/HZO/TiN, d) W/HZO/W. Grain boundaries are identified by red triangles
in each image.

Table 1 summarizes the characteristics discussed for each
studied heterostructure.

3. Discussion

This study reveals the importance of the chemistry and structure
of interfaces on the ferroelectric properties of ultra-thin HZO
films. W TE guarantees better ferroelectric performances com-
pared to TiN TE, when ultra-thin HZO films (<7 nm) are con-
sidered. This result confirms some reports in literature.[11,38,58–60 ]

One of the reasons for this is attributed to the lower TEC of W
(≈4.16 × 10−6 K−1) compared to the one of HZO (≈7 × 10−6 K−1),
which is responsible for an in-plane thermal strain in the cooling
phase post-annealing.[11 ] At this stage, the TE plays a crucial role
in the o-phase formation. Indeed, it provides a stronger mechan-
ical confinement compared to the BE, which prevents the tran-
sition from the t- to m-phase and promotes the transition from
the t- to o-phase, as it is also confirmed by the GI-XRD patterns,
where monoclinic peaks are nearly absent. Only a weak mon-
oclinic reflection is observed at ≈ 35.5° (Figure S3, Supporting
Information). This phenomenon, known as the “capping” effect,
has been extensively documented in the literature through vari-
ous studies.[61,62 ] The latter effect could be attenuated in the case

of the TiN TE, which is characterized by a TEC of ≈8 × 10−6 K−1,
similar to the one of HZO.

Furthermore, in the study of the HZO/TE interface, the STEM-
EELS analysis showed a lower oxidation of HZO/W interface
with respect to HZO/TiN one, in accordance with other works,[38 ]

which suggests a reduction of the dead-layer thickness at the for-
mer interface compared to the latter. In the literature, it has been
reported that the formation of an interfacial dielectric layer is
among the first causes of degradation of ferroelectricity.[58 ] In the
case of sample TiN/HZO/W, STEM-EELS data revealed the pres-
ence of an interfacial layer at TiN/HZO bottom interface, due to
oxygen scavenging.[26,63,64 ] However, we concluded that both in-
plane strain from W TE and a thin dead-layer at the HZO/W top
interface were the key factors that notably improved the ferroelec-
tric properties of samples TiN/HZO/W and W/HZO/W, where an
extremely high value of switchable polarization was reached.

Nonetheless, oxygen scavenging by the TiN electrodes gener-
ates oxygen vacancies, which have proven to be beneficial for the
stabilization of o-phase against t-phase in thin HZO films.[65,66 ]

We hypothesized that, in the case of sample TiN/HZO/TiN, the
role of oxygen vacancies was hindered by the interfacial dead-
layers at top and bottom interfaces (Figure 4a,b), which reduced
the thickness of the active layer. Moreover, it has been shown
that a high concentration of oxygen vacancies might lead to the

Table 1. Summary of the characteristics of the studied heterostructures.

Sample TiN/HZO/TiN TiN/HZO/W W/HZO/TiN W/HZO/W

Maximum 2Pr (µCcm-2) 4 30 1 40

Endurance (cycles) 5 × 106 5 × 105 105 104

o/t ratio 0.31 1.04 0.36 1.19

State of bottom interface High oxidation High oxidation Low oxidation Low oxidation

State of top interface High oxidation Low oxidation High oxidation Low oxidation

In-plane grain size (nm), estimated from HR-TEM ≈20 ≈10–20 > 20 ≈10–15
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Figure 6. a) Measured On resistance (ROn) and Off resistance (ROff) for applied positive voltage. b) Measured ROn and ROff for applied negative voltage,
for sample W/HZO/W.

formation of t-phase,[31,65 ] which is supported by the value of
the o/t ratio reported in Figure 3b. These observations could ex-
plain the low value of remanent polarization of the structure
TiN/HZO/TiN.

Within the context of structural analysis, the weak ferroelec-
tricity observed in the W/HZO/TiN sample can be attributed to
multiple factors. First, it has been demonstrated that thin films
with a high oxygen content tend to have larger grains compared
to those with lower oxygen content.[31 ] W BE scavenges less oxy-
gen from the HZO layer compared to TiN (Figure 4), resulting in
a higher oxygen content within the HZO layer, potentially leading
to the formation of large grains (Table 1). Second, the TiN TE scav-
enges more oxygen from the HZO layer compared to the W TE,
resulting in a lower oxygen content near the top interface, which
might promote the formation of the t-phase.[31,65 ] Additionally,
as previously mentioned, the oxygen scavenging process gener-
ates a non-ferroelectric interfacial layer (as shown in Figure 5c)
that reduces the thickness of the active layer. Lastly, the insuffi-
cient in-plane strain provided by the TiN TE diminishes the “cap-
ping” effect. Based on these observations, we hypothesized that

the combination of these factors contribute to the poor ferroelec-
tric behavior of the W/HZO/TiN sample. Conversely, in the case
of the W/HZO/W sample, the strong mechanical confinement
induced by the W TE may modify the grain size, leading to better
ferroelectric performances. As aforementioned, even small vari-
ations in grain dimensions can have a significant impact on the
ferroelectric response.[31 ]

In terms of endurance, the observed low value for the
W/HZO/W sample, while consistent with previous reports on
similar structures,[11 ] may stem from several factors. The high
value of remanent polarization ( 40 µC cm−2) suggests the gener-
ation of large electric fields during polarization switching, which
can lead to an early electrical breakdown of the sample. Addi-
tionally, the lower oxidation of the HZO/W interface compared
to the HZO/TiN interface results in a thinner dead-layer in the
former case, potentially contributing to a higher effective electric
field applied to the ferroelectric film.[31 ] Also, metal electrodes
have been shown to restrict the movement of oxygen vacancies,
which tend to accumulate at the interfacial region and increase
leakage current.[67,68 ] Finally, some studies have also reported

Table 2. Thin films growth and annealing conditions.

Sputtering Process

Target-substrate distance 8 cm

Base pressure <5 × 10−7 mbar

Ignition pressure 5 × 10−2 mbar

Deposited elements TiN Hf0.5Zr0.5O2 W Pt

Target (purity) Ti (99,995 %) ZrO2/HfO2 (50%/50%) W(99,995 %) Pt (99.95 %)

Target RF power/voltage (W/V) 300 W 100 W 200 W 137 V

Holder DC bias voltage (V) 60 V None None None

Gas (sccm) Ar 50 sccm; N2 3 sccm Ar 50 sccm Ar 50 sccm Ar 50 sccm

Working pressure (mbar) 5 × 10−3 mbar 5 × 10−2 mbar 5 × 10−3 mbar 5 × 10−3 mbar

Deposition rate ≈5 nm min−1 ≈4 nm min−1 ≈25 nm min−1 ≈17 nm min−1

Rapid Thermal Annealing
Conditions

Can “Rapid thermal
annealing conditions”

be written like “Sputtering
process”?

Temperature (°C) 450 °C

Atmosphere (1 atm) N2

Time (s) 30 s
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diffusion of W atoms from the W BE into the HZO films,
which further enhances the leakage contribution.[11,69 ] In the lat-
ter cases, however, the HZO layer was synthesized by PE-ALD
and ALD, which can considerably affect the bottom interface.[67 ]

On the contrary, in this work, where sputtering was employed for
HZO deposition, EELS revealed a relatively thin interfacial layer.
These findings demonstrate how heterostructures synthesized
using different deposition methods exhibit distinct interfacial
properties that significantly influence the ferroelectric behavior
of ultra-thin HZO. Varying deposition techniques might result in
differences in HZO growth, oxygen content, and strain induced
by the electrodes. In conclusion, both samples W/HZO/W and
TiN/HZO/W are characterized by a significant wake-up, which
we ascribed to the presence of defects, such as oxygen vacancies,
and a high density of grain boundaries (Figure 5b,d) associated
with small grains (Table 1) that might be responsible for domain
pinning. During the device cycling, the redistribution of such de-
fects increases the number of domains available for switching,
which explains the high rise of Pr.[70,71 ]

Finally, static current versus voltage (I–V) measurements in-
dicated the presence of an electroresistance ratio (ER) observed
in sample W/HZO/W (the used protocol is available in Support-
ing Information). Figure 6 shows the values of On resistance
(ROn) and Off resistance (ROff), measured for applied positive
(Figure 6a) and negative (Figure 6b) voltage, for five repetitions of
I–V measurements. This result highlights that device structure
and electrode/HZO interface properties are critical parameters
to optimize for the synthesis of FTJs, and for a further scaling of
the thickness of sputtered HZO films. The latter aspect would en-
hance the contributions of the tunnel currents, in order to achieve
high ER ratios.[33,72 ]

4. Conclusion

In conclusion, we demonstrated the major role played by struc-
tural and physical properties of interfaces in the stabilization of
the orthorhombic phase in 6 nm-thick Hf0.5Zr0.5O2 films. Sam-
ples with W top electrode showed a significant improvement of
the ferroelectric performances compared to structures with TiN
top electrode. W induces a larger in-plane tensile strain with re-
spect to TiN, which promotes the formation of the o-phase. Fur-
thermore, the low oxidation of the HZO/W interface was corre-
lated to a thin interfacial dead-layer. This work provides new in-
sights into the chemical and structural nature of electrode/HZO
interfaces and how they influence the ferroelectric behavior of
HZO films. Furthermore, it clearly shows that an appropriate
control over the quality of interfaces is decisive to achieve reli-
able HZO-based devices and to scale down the HZO thickness,
for the synthesis and usability of tunnelling devices for neuro-
morphic applications.

5. Experimental Section
Fabrication: Prior to growth, n+Si(100) substrates were cleaned in ace-

tone and ethanol, and the native oxide layer was removed by a buffer oxide
etching procedure. All the depositions were performed by magnetron sput-
tering at room temperature by means of an AC-450 Alliance Concept set
up. All the electrodes here mentioned were 50 nm-thick. TiN electrodes

were deposited by reactive sputtering from a Ti target in a mixture of Ar
and N2 at a pressure of 5 × 10−3 mbar. W electrodes and the 6 nm-thick
HZO layer were synthesized by sputtering from a W target at a pressure
of 5 × 10−3 mbar and from a Hf0.5Zr0.5O2 ceramic target at a pressure of
5 × 10−2 mbar, respectively. UV lithography was carried out to define the
capacitor structures after the growth of the bottom electrode and HZO
layer, the used procedure was reported elsewhere.[46 ] Following the depo-
sition of the top electrode, a protective conductive film made of a few nm-
thick Ti adhesive layer and 50 nm of Pt was grown. After a lift-off process,
the post-metallization annealing was performed by rapid thermal anneal-
ing at 450 ° for 30 s, in a N2 (100 %) atmosphere. The growth parameters
of HZO layer, BE, TE, and top contact, together with the annealing condi-
tions are reported in Table 2.

Characterization: The structural characterization was carried out by
glancing-incidence X-ray diffraction (GI-XRD) by means of a five-circle go-
niometer Smartlab Rigaku diffractometer, using a 9 kW copper rotating an-
ode. GI-XRD experiments were performed using a parabolic multilayer mir-
ror for parallel beam setting, Ni filter for Cu K ! radiation selection, 0.114°
aperture parallel slit analyser, and a 0D scintillating counter. The electronic
structure of electrode/HZO interfaces was probed by electron energy-loss
spectroscopy (EELS) in the scanning transmission electron microscope
(STEM). The microscope used was a JEOL JEM-F200, equipped with a
high-brightness cold field emission gun, and operated at 200 kV. Core-loss
STEM-EELS data were collected with a Gatan Continuum S spectrome-
ter using the spectrum-imaging technique implemented in the Gatan mi-
croscopy suite, with a dispersion of 0.15 eV per channel. The HR-TEM
images were recorded using a JEOL JEM-F200 microscope and a JEOL
JEM 2100 (HT pole piece) microscope both operated at 200 kV. The cross-
section specimens for STEM analysis were prepared by the Ga-focused
ion beam (FIB) milling technique. Polarization versus electric field mea-
surements (P–E) were carried out on 20 µm-diameter capacitors, using
a Keithley 4200A-SCS semiconductor parameter analyzer. The electrical
characterizations were performed using a manual probe station, where
the samples were kept in a closed environment and the electrical contact
was made with two tungsten-tip probes. The voltage was applied by di-
rect mechanical contact of the Pt top conductive layer of each device with
one probe, while the other was kept on the common bottom electrode.
P–E curves were obtained by the positive-up-negative-down (PUND) tech-
nique, which consists of a train of five pulses. A negative reset pulse was
applied to initialize the polarization along one direction, subsequently two
positive (P and U) and two negative pulses (N and D) were applied. The
endurance test was performed by cycling the capacitors, usually until elec-
trical breakdown. Static current versus voltage (I–V) measurements were
acquired by means of an Agilent 4156B semiconductor parameter ana-
lyzer and the measurements were performed by the application of a step-
shaped voltage waveform from 0 to ± 2 V. All electrical measurements
were carried out at room temperature (300 K).

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