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The interest in the ferroelectric non-volatile memory as a candidate for low power consumption electronic mem-
ories was raised after the discovery of ferroelectricity in hafnium oxide. Doping by different elements of hafnia
films allows improving their ferroelectric properties. In this work, the transport experiments are combined with
the simulations to study the evolution of ferroelectric properties and the mean distance between oxygen va-
cancies during the endurance of hafnium-zirconium oxide in metal-ferroelectric-metal structures to study the
impact of different metal electrodes.

1. INTRODUCTION

The development of memory devices for using them
in mobile systems, Internet-of-Things technology and
in other devices with high autonomy requires non-
volatile energy efficiency and high operation speed from
used memory elements. One of the candidates for the
role of such memory is Ferroelectric Random Access
Memory (FRAM). From the last decade of the last cen-
tury to the present day, FRAM elements used in micro-
electronics are based on lead zirconate-titanate (PZT)
[1]. The problem of this material is the rapid disappear-
ance of the ferroelectric response of a PZT film with a
reduction in its thickness less than 100 nm. This limi-
tation made the FRAM production process technology
to be unscalable beyond the 130 nm CMOS technology
(chips manufactured by Texas Instruments), and, as
a result, to a small information volume of integrated
circuits. Therefore, modern research in the field of
FRAM technology is focused on studying the ferroelec-
tric properties of doped hafnium oxide HfO2 thin films.
The history of ferroelectric HfO2 began in 2007, when
the group members at the Dynamic Random Access
Memory (DRAM) company Qimonda, together with
the RWTH Aachen, searched for materials for DRAM
capacitor applications and unexpectedly discovered the
ferroelectric properties of doped thin HfO2 films. It
was demonstrated that the non-centrosymmetric po-
lar orthorhombic phase (o-phase) between the mon-
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oclinic (m-) and tetragonal (t-) phase grains in thin
(5–50nm) doped HfO2 layers is responsible for main-
taining polarization after the external electric field is
turned off [2–4]. The HfO2-based FRAM technology
demonstrates non-volatility, high information volume
per die, high operation speed and is compatible with
the modern CMOS technology [5].

For more than 10 years, researchers were working
to solve problems that prevent the implementation of
HfO2-based FRAM devices into mass-market produc-
tion. The main problems include a small memory win-
dow (MW= 2Pr, double value of the remnant polar-
ization), a small memory cell resource and instability
of the memory window during cyclic repolarization of
ferroelectric. A small memory window prevents a reli-
able reading logical state of the memory cell. A small
memory cell resource (endurance) is little information
rewriting cycles before the memory cell fails (break-
down). The MW instability during the cycling consists
in an increase in MW at the beginning of cycling (wake-
up effect) and a decrease in the memory window before
a breakdown (fatigue effect) [6,7]. These problems can
be solved by selecting doping HfO2 material followed
by rapid thermal annealing at high temperatures. It
was found that, the largest memory window is reached
when using La as a dopant [8]. Also, when using
Hf0.5Zr0.5O2 instead of HfO2, the wake-up effect is sup-
pressed and the annealing temperature decreases [9],
which is compatible with the thermal budget of back-
end-of-line. The ferroelectric response of the structure
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Fig. 2. Schematic voltage sweeps during the endurance
measurements at different points. Letters in blue show P,

U, N and D pulses of the PUND sequence.

were measured by the PUND technique followed by the
DC current-voltage (I-V ) measurements with the same
voltage amplitude. The measurements by the PUND
method consist in the sequential application of two
positive pulses (Positive/Up) and two negative (Neg-
ative/Down) to the structure. The PUND sequences
and cyclic voltage pulses are shown in Fig. 2 schemat-
ically. The charge-carrier polarization values Pr dur-
ing the cycling were obtained from the PUND mea-
surements. For the PUND measurements, the voltage
rise/fall times trf , pulse delay td and plateau time tp
were the same and amounted 100 µs. The times for
the cycling pulses were trf = 0.5 µs, tp = 2 µs and
td = 1.0 µs. The cycling pulse durations ensure that the
polarization is switched to at least 80% of the maximum
possible value. The voltage of all pulses was 3.0V̇, since
at this amplitude value a compromise ratio of the mem-
ory window and the cycling duration was observed [24].
The DC measurements were carried out from −0.2 to
+3.0V in 0.1V increments for 7 sec. Such long volt-
age sweep duration allows us to reduce the displace-
ment current contributions and to extract their values
at zero voltage. The measurements were carried out
using a Keithley 4200-SCS parametric analyzer with
4225-PMU (pulses and PUND) and SMU-4210 (DC)
units at room temperature. The experiments were car-
ried out up to the sample break down or when Pr be-
comes negligible.

Following the PUND method, DC measurements
made it possible to obtain leakage currents. As a result
of averaging the currents measured during the forward
(0 → ±V ) and reverse (±V → 0) voltage sweep, dis-
placement currents were excluded, and leakage currents
were obtained:

Ileakage(V ) = 1/2
(
IDC
0→+V (V ) + IDC

+V→0(V )
)
. (1)

The procedure for extracting the leakage current is
illustrated in Fig. 3. The mean distance between neigh-

Fig. 3. (a) Currents flowing when the voltage increases
I0→+V (V ) (red lines) and when the voltage decreases
I+V →0(V ) (blue line). The displacement currents
±C(V )dV/dt change sign as the voltage increases and
decreases, while the leakage currents Ileakage(V ) do not.
As a result of averaging the currents of I0→+V (V ) and the
I+V →0(V ), only leakage currents (black lines) remain.
(b) The same data in the semilog plate. Dashed lines

connect positive and negative current values.

boring traps a was extracted from the I-V dependences
of the leakage currents within the model of phonon-
assisted tunneling of electrons (holes) between neigh-
boring traps (PATENT) [25]. Recently, it has been
demonstrated that this transport model adequately de-
scribes the leakages in both amorphous and ferroelec-
tric HfO2-based films [26–28] as well as in Hf0.5Zr0.5O2-
based structures [29–31]. This procedure is described
in details elsewhere [31–33].

3. RESULTS AND DISCUSSION

The presence of Hf0.5Zr0.5O2 film ferroelectric prop-
erties is confirmed by observing the hysteresis in the
polarization-voltage characteristics for all M1/FE/M2
structures. In Fig. 4 is the evolution of the ferro-
electric and transport properties of M1/FE/M2 struc-
tures with different bottom and top metal electrodes.
The S1 sample with TiN BE and TE exhibits a typ-
ical charge-carrier polarization (P±

r ) evolution (black
characters in Fig. 4(a)) in accordance with literature
data [31, 34]: it endures more than 106 switch cy-
cles with a slight wake-up and fatigue effects with
MW = |P+

r | + |P−
r | ≈ 20 µC/cm2 and then breaks

down, as shown in Fig. 4 by crosses. The P±
r val-

ues for S2 and S3 samples are less than 10 µC/cm2

and disappear after 108–109 switching cycles. The S5
sample exhibits the largest residual polarization with
MW ≈ 60 µC/cm2. After expressive fatigue effect, the
sample reaches a breakdown after 107 endurance cy-
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Table 1. Structures of all samples with different BE and
TE under study

Sample Structure BE TE
S1 TiN/Hf0.5Zr0.5O2/TiN TiN TiN
S2 TiN/Hf0.5Zr0.5O2/RuOx TiN RuOx

S3 TiN/Hf0.5Zr0.5O2/TiAlN TiN TiAlN
S4 TiN/Hf0.5Zr0.5O2/NbN TiN NbN
S5 W/Hf0.5Zr0.5O2/TiN W TiN
S6 W/Hf0.5Zr0.5O2/W W W
S7 TiN/Hf0.5Zr0.5O2/W TiN W

is also influenced by the method of metal contacts de-
position and the annealing temperature. The highest
memory window value for Hf0.5Zr0.5O2 films without
doping was obtained by applying the in vacuo pro-
cess, without atmospheric influence on the structure,
which made it possible to obtain a memory window of
2Pr = 54.2 µC/cm2 due to the improvement of the fer-
roelectric/metal interface quality [10]. Recently, it has
been discovered that when Hf0.5Zr0.5O2 is doped with
La, Y and their mixture, the films remain functional
after 1011 rewriting cycles, demonstrating quite a large
MW value [11, 12]. However, doping with La led to a
more pronounced manifestation of the wake-up effect.

The possible reason of this effect might be caused by
the influence of metal electrodes. The Hf0.5Zr0.5O2:La-
based structures in Refs. 11, 12 had both bottom
(BE) and top (TE) TiN metal electrodes. Recently,
it has been shown that using RuO2 as the TE in
TiN/Hf0.5Zr0.5O2/RuO2 [13], as both the TE and the
BE in RuO2/Hf0.5Zr0.5O2/RuO2 [14] and Ru as the BE
in Ru/Hf0.5Zr0.5O2/TiN [15] structures leads to a small
memory window value and a relatively early break-
down during the electric field cycling. Other metal elec-
trodes were explored to promote the ferroelectric phase
in Hf1–xZrxO2 including TaN [16, 17], Ir [18, 19], Pt
[20–22] and W [23] without endurance measurements.

In this letter, we investigate the impact of different
metal electrodes of Hf0.5Zr0.5O2 in metal-ferroelectric-
metal structures during the endurance cycling.

2. EXPERIMENTAL

The structures under study in this work were metal-
1/Hf0.5Zr0.5O2/metal-2 (M1/FE/M2) ferroelectric
capacitors on silicon substrates with the ferroelectric
thicknesses of 10 nm. Totally, seven kinds of samples
with different electrodes were studied. A description
of all samples is provided in Table 1. M1/FE/M2

p-Si

W (50 nm)

BE (10 nm)
Hf0.5Zr0.5O2 (10 nm)

TE (10 nm)

Pt (25 nm)

Ti (10 nm)

TE (10 nm)

Pt (25 nm)

Ti (10 nm)

Fig. 1. Schematic structure of the samples under study
with different BE and TE.

capacitors were fabricated by the following procedure.
The 50 nm thick W layer, as well as 10 nm thick TE
and BE were deposited on a silicon substrate at
room temperature using a sputtering system from
Alliance Concept. To produce S5 and S6 samples,
the BE deposition step was skipped, i.e. Hf0.5Zr0.5O2

films for these structures were deposited directly on
the W layers. The 10 nm thick Hf0.5Zr0.5O2 films
were deposited by atomic layer deposition (ALD)
at deposition temperature 280℃ in the Oxford
Instruments OPAL system. For hafnium and zir-
conium oxides, tetrakis[ethylmethylamino]hafnium
(Hf[N(C2H5)CH3]4) and
tris[dimethylamino]cyclopentadienyl-zirconium
(C5H5)Zr[N(CH3)2]3) were used as precursors, re-
spectively. H2O was used as an oxidant for all ALD
cycles. The samples were then treated by RTA at
600℃ for 20 s in the N2 atmosphere. To pattern
the capacitor structures, a 10 nm thick Ti layer was
deposited as an adhesion layer, and then 25 nm thick
Pt was deposited by the electron beam evaporation
through a shadow mask. The round-shaped metal
contact diameter was 200 µm. The wet chemical
etching of TE was carried out for patterning using
the SC1 etching (5% NH3 and 2% H2O2 solutions
in H2O at the temperature of 50℃). The schematic
structures of the samples under study with different
BE and TE are shown in Fig. 1. To produce S2, S6
and S7 samples, RuO2 or W electrodes were deposited
by physical vapor deposition through a shadow mask
on the Hf0.5Zr0.5O2 films instead of the upper TiN
electrode.

An experimental study of the ferroelectric properties
evolution during the structure state switching was car-
ried out by the cyclic application of trapezoidal volt-
age pulses of positive and negative amplitudes. On
some pulses, polarization-voltage (P -V ) characteristics

2

2. EXPERIMENTAL



	 CHANGING THE PROPERTIES OF Hf0.5Zr0.5O2� 687

JETP,  Vol. 166,  No. 5(11),  2024

ЖЭТФ Changing the properties of Hf0.5Zr0.5O2 during cyclic repolarization of ferroelectric capacitors . . .

Fig. 2. Schematic voltage sweeps during the endurance
measurements at different points. Letters in blue show P,

U, N and D pulses of the PUND sequence.

were measured by the PUND technique followed by the
DC current-voltage (I-V ) measurements with the same
voltage amplitude. The measurements by the PUND
method consist in the sequential application of two
positive pulses (Positive/Up) and two negative (Neg-
ative/Down) to the structure. The PUND sequences
and cyclic voltage pulses are shown in Fig. 2 schemat-
ically. The charge-carrier polarization values Pr dur-
ing the cycling were obtained from the PUND mea-
surements. For the PUND measurements, the voltage
rise/fall times trf , pulse delay td and plateau time tp
were the same and amounted 100 µs. The times for
the cycling pulses were trf = 0.5 µs, tp = 2 µs and
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possible value. The voltage of all pulses was 3.0V̇, since
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ory window and the cycling duration was observed [24].
The DC measurements were carried out from −0.2 to
+3.0V in 0.1V increments for 7 sec. Such long volt-
age sweep duration allows us to reduce the displace-
ment current contributions and to extract their values
at zero voltage. The measurements were carried out
using a Keithley 4200-SCS parametric analyzer with
4225-PMU (pulses and PUND) and SMU-4210 (DC)
units at room temperature. The experiments were car-
ried out up to the sample break down or when Pr be-
comes negligible.

Following the PUND method, DC measurements
made it possible to obtain leakage currents. As a result
of averaging the currents measured during the forward
(0 → ±V ) and reverse (±V → 0) voltage sweep, dis-
placement currents were excluded, and leakage currents
were obtained:

Ileakage(V ) = 1/2
(
IDC
0→+V (V ) + IDC

+V→0(V )
)
. (1)

The procedure for extracting the leakage current is
illustrated in Fig. 3. The mean distance between neigh-
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utilization of NbN as an electrode in M/FE/M struc-
tures allows obtaining a more stable ferroelectric ca-
pacitor with more than 1010 cycle switches.
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cles. The MW values for samples S1, S4, S6 and S7 are
close, but all of them, except S4, are broken down after
105–107 switch cycles. The sample with NbN TE (S4)
endures more than 1010 repolarization with MW ≈ 30–
40 µC/cm2.

The coercive field values F±
c (Fig. 4(b)) are constant

with small deviations for almost all structures under
study except for S2 and S3 samples. As far as the
MW disappears, F±

c loses its physical meaning. One
can see that measured F±

c values exhibit slight asym-
metry. This can be caused by built-in electric field
due to different work functions of the metal electrodes.
Also, asymmetric interfaces around ferroelectric films,
due to the exposure of all BEs to the ALD process-
ing temperature, can introduce distortions in the F±

c

measurements.
The leakage currents, measured at the voltage of 3V

are shown in Fig. 4(c). One can see that leakages rise
after 104 cycles for all structures, but the S2 sample,
which exhibits constant leakage current. The leak-
age current of structure S3 shows complex evolution:
namely, up to 104 endurance cycles, its value decreases,
then increases, and after 106 cycles it decreases to the
original value.

The extracted mean distances between neighboring
traps are shown in Fig. 4(d). One can see that the
distances between traps in ferroelectrics of almost all
structures remain at the same levels up to 104 cycles
of repolarization. Reducing the average distances be-
tween traps after 104–105 switching cycles are accom-
panied by an increase in leakage currents due to their
exponential dependence [25].

Since the traps in Hf0.5Zr0.5O2 are oxygen vacancies,
a decrease in the distances between traps is associated
with new oxygen vacancy generation [29, 31]. Oxygen
ions that left the crystal lattice can migrate in an ex-
ternal electric field and even leave the Hf0.5Zr0.5O2 film
for a metal electrode [35]. The S4 structure is formed
with the top NbN electrode, i.e., it is more corrosion
and oxidation resistant than TiN [36]. Thus, the TiN
electrode in the structures absorbs more oxygen than
NbN. This effect leads to a greater endurance of the
structure during repolarization even with a large num-
ber of defects.

It is difficult to determine where new oxygen vacan-
cies are located. We assume that, initially, there are
many traps in the grain boundaries and much less in
the grain bulk. Thus, the leakage current is caused
by traps at the grain boundaries. After 104 cycles
new traps are generated in the grain bulk due to the
oxygen ion migration during the cyclic switching, and
some ions O– might reach grain boundaries or even

the Hf0.5Zr0.5O2/metal interface followed by the ab-
sorption of electrodes. Then the leakage currents are
limited by the traps in the grain bulk. In this case, part
of the applied voltage drops at the interface layer be-
tween Hf0.5Zr0.5O2 and the electrode, such as WOx for
W [37] or TiON for TiN [38]. If the traps are located in
the grain boundaries, then the mean distance between
the traps a can be converted to the surface (2D) trap
density N2D = a−2 ∼ 1013–1014 cm−2. If the traps are
distributed in the grain bulk, then the volumetric (3D)
trap density is N3D = a−3 ∼ 1019–1021 cm−3.

It is interesting to note that the S5 structure with W
BE exhibits an extremely high MW value, compared
to other structures. We assume that this is caused by
the absence of the interface sublayer WOx with high
static dielectric constant after the Hf0.5Zr0.5O2 deposi-
tion. This is confirmed by the HAXPES analysis con-
ducted for the same set of structures [37]. The en-
durance cycling leads to a fast generation of new oxy-
gen vacancies in Hf0.5Zr0.5O2, forming the sub-layer
followed by a breakdown. RuOx and TiAlN electrodes
absorb oxygen more actively than other metals, the in-
terface sublayer is formed faster, and the voltage drops
on it [39]. This leads to the vanishing of the ferro-
electric response in Hf0.5Zr0.5O2 films and decrease in
leakage currents. It should be noted that these samples
were not broken down. One can assume that RuOx and
TiAlN electrodes are good for the DRAM application.

Also, it is interesting to note that S5 and S7 struc-
tures are symmetrical to each other, but exhibit their
different ferroelectric evolution during the endurance
procedure. We assume that this is caused by different
temperature influences on the BE (280℃) and the TE
(room temperature) during the ferroelectric film depo-
sition and formation the structure as a whole. It should
be noted that not only the electrode material, but also
its specific properties such as grain texture can affect
the Hf0.5Zr0.5O2 film properties and performance. The
study of the metal electrodes structural properties and
their effect on the Hf0.5Zr0.5O2 film ferroelectric prop-
erties is beyond the scope of this work and is a task for
the future.

4. CONCLUSION

In conclusion, transport experiments, combined with
simulations, were studied for thin Hf0.5Zr0.5O2 ferro-
electric film-based structures with different metal elec-
trodes. It was found that RuOx and TiAlN electrodes
suppress the ferroelectric response in Hf0.5Zr0.5O2

films, as well as leakages through the structure. The
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utilization of NbN as an electrode in M/FE/M struc-
tures allows obtaining a more stable ferroelectric ca-
pacitor with more than 1010 cycle switches.
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