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1. Introduction

For next-generation ferroelectric random-access memory
(FERAM), high-endurance (above 1012 cycles) metal–
ferroelectric–metal capacitors (MFMs) are required, where both
the ferroelectric and the metal have to be deposited by highly con-
formal techniques such as atomic layer deposition (ALD). The
twin oxides HfO2 and ZrO2 have the advantage of forming haf-
nium zirconate (HZO) solid solutions, where the ferroelectric
behavior is maintained in HZO (HfxZr1�xO2) in a wide range
of compositions.[1,2] It is generally accepted that stoichiometric
(x¼ 0.5) hafnium zirconate (50% Hf–50% Zr) shows the best

ferroelectric behavior for a given set of
experimental conditions (precursors, depo-
sition temperature, electrodes, annealing
parameters).[3] Moreover, doping with
La3þ was shown to increase the endurance
with more than one order of magnitude
as compared with pure stoichiometric
HZO.[4,5] Ferroelectricity originates from
noncentrosymmetric orthorhombic Pca21
phase, which can be stabilized by strain,
grain size, and dopant concentration. To
increase the endurance, the stability of
orthorhombic phase has to be enhanced,
whereas the formation of monoclinic
phase, mainly responsible for the fatigue
behavior,[6] has to be avoided as much as

possible, while maintaining the remanent polarization (2Pr) at
conveniently high values.[5] In this respect, the grain size should
be small enough to prevent the formation of a thermodynami-
cally stable monoclinic phase. Several studies were dedicated
to improve the ferroelectric behavior of HZO deposited at
Hf:Zr¼ 1:1 ratio using (Hf/Zr)[N(C2H5)CH3]4 precursor with
a final Zr:Hf¼ 0.43:0.57 ratio, via a nucleation layer such as
HfO2, Al2O3, or ZrO2.

[7–9] Improved ferroelectric properties were
obtained with a 2 nm-thick ZrO2

[8,9] for HZO film thickness vary-
ing between 10 and 25 nm.[7–10] In this study, we evaluate the
effect of adding a nucleation layer, such as ZrO2, with variable
thickness (1–2 nm), the Hf/Zr ratio, and the La3þ doping level on
the ferroelectric characteristics of hafnium zirconate with physi-
cal thickness ≤10 nm.

2. Results and Discussion

The as-grown films were partially crystallized, as indicated
by GIXRD in Figure 1a (gray line pattern). However, the
Hf-rich HZO (Hf0.57Zr0.43O2) showed delayed crystallization
as compared with stoichiometric (Hf0.50Zr0.50O2) or Zr-rich
HZO (Hf0.43Zr0.57O2), as indicated by lower-intensity peak at
2θ� 30.5�. After postmetallization anneal, the main peak inten-
sity (black line pattern in Figure 1a) was comparable, indicating
complete crystallization of all HZO films. SEM top-view images
of the as-grown films confirmed that lower density of nanocrys-
tallites was present in the Hf-rich HZO as compared with stoi-
chiometric HZO, whereas the Zr-rich HZO showed the largest
density of grains (Figure 2). Therefore, after postmetallization
anneal, we expect larger grains to be present in the Hf-rich
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Hafnium zirconate (HZO) is investigated in metal–ferroelectric–metal capacitors
as a function of Hf/(HfþZr) atomic ratio, the presence of a thin ZrO2 seed layer,
and/or by doping HZO with La3þ. It is demonstrated that a longer endurance is
achieved with Hf-rich HZO by introducing a ZrO2 seed layer. The endurance is
further improved by introducing La3þ in the Hf-rich HZO layer of the bilayer
stack, which offers a higher 2Pr in the pristine state compared with a stoi-
chiometric HZO doped with the same amount of La3þ. Both ZrO2 underlayer and
La3þ doping of HZO are shown to play a decisive role in promoting the formation
of an orthorhombic and tetragonal phase at the expense of a detrimental
monoclinic phase.
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HZO films due to the lower amount of nuclei formed at the depo-
sition stage, whereas Zr-rich HZO would keep the small grain
size. Therefore, it is likely that the orthorhombic domain size
would depend on the initial grain size. Apart from changing
the grain size, structural modifications induced by different ionic
sizes of Hf4þ and Zr4þ with Hf/Zr ratio could have an essential
impact on the phase content formed in the fully crystallized
films. By Rietveld refinement of the diffraction spectra conducted
using the Material Analysis Using Diffraction (Maud) soft-
ware,[11] in combination with crystallographic information files
for monoclinic, orthorhombic, tetragonal, and cubic phases of
ZrO2 and cubic TiN, we quantified the relative amount of
HZO phases present in the TiN–HZO–TiN stacks (Figure 1b).
The Maud software uses the Rietveld algorithm to optimize
the model function by minimizing the weighted sum of squared
differences between the experimental and computed intensity

values. The quality of the refinements for each diffraction spectra
is expressed by the weighted profile R-factor “Rwp,” along with
1σ (Figure 1b). This method of phase quantification was also
used by Mukundan et al.[12] in 10 nm stoichiometric HZO.

In the case of Zr-rich HZO, the tetragonal phase was predom-
inant, and this phase content diminished with the increase in Hf
content, whereas the orthorhombic phase increased with Hf
content. About 43% of the orthorhombic phase was obtained
for Hf0.57Zr0.43O2 films in the pristine state, in agreement with
the largest initial polarization in this case (Figure 3).

The polarization–electric field (P–E) loops in the pristine state
are more pinched for the Zr-rich HZO (Figure 4a). The multiple-
switching current peaks seen in the current-applied field and cor-
responding to the pinched loop in Zr-rich layers, which were also
observed in ZrO2 or other Zr-rich HZO films,[13] were attributed
to the presence of a large amount of tetragonal phases. Through

Figure 1. a) GIXRD patterns, b) Hf-rich HZO (dotted experimental data vs fit red line), and c) phase content as a function of Hf/(Hfþ Zr) atomic ratio
(Rwp% and 1σ parameters describing the quality of refinements are given for each set of data fit).

Figure 2. a–c) SEM top view of the as-grown Hf0.43Zr0.57O2 films (a), Hf0.50Zr0.50O2 (b), and Hf0.57Zr0.43O2 (c).

Figure 3. a) 2Pr and b) 2Ec when P–V measurements are carried out with an amplitude of 2MV cm�1 as a function of the number of bipolar cycles at a
frequency of 250 kHz.
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further cycling required for loops’ opening, the switching current
peaks merge, as shown in Figure 4b. With increase in Hf
content, current peaks merge and an open P–V loop response
is seen.

Figure 3 and 4 allowed the assessment of cycling performance
of Hf-rich, stoichiometric, and Zr-rich HZO films. As expected,
Hf-rich and stoichiometric HZO films exhibited a higher initial
2Pr in accordance with high orthorhombic phase content
observed in the pristine state. The larger polarization for Hf-rich
HZO is in agreement with the previous report of Park et al.[1]

Table 1 shows a comparison of wake-up (difference between
maximum and initial 2Pr) as a function of Hf/(Hfþ Zr) ratio.

A prolonged wake-up is seen for Zr-rich films, which have low
orthorhombic phase content and high tetragonal phase content
in the pristine state. Figure 3 also shows that the onset of
fatigue is also a function of initial orthorhombic content. It could
be seen that the Hf-rich layer with the highest orthorhombic con-
tent shows earliest start of fatigue (above 104 cycles) in agreement
with previous reports,[1,2,13] followed by stoichiometric (above
105 cycles) and Zr-rich layer (above 106 cycles). This evolution
could be attributed to increase in the domain size of orthorhom-
bic phase, and further phase conversion into thermodynamically
stable monoclinic phase,[6] likely due to a larger driving force for
this phase transition, which appears at larger size. One can expect
that the domain size of the orthorhombic phase increases through
cycling. By surpassing a critical grain size threshold, the transi-
tion into monoclinic phase, mainly responsible for fatigue, could
occur. The reason for orthorhombic domain size enlargement can
be related to the conversion of tetragonal phase,[14] residing at the
interfaces as suggested by Künneth et al.,[15] to orthorhombic
phase and consequently the path for further coalescence of ortho-
rhombic domains into larger ones was favored.

In principle, the domain coalescence phenomenon is favor-
able for polarization enhancement and could be one of the mech-
anisms responsible for increase in polarization. Nevertheless,
other concurrent mechanisms, such as the conversion of the

Figure 4. a) P–E and b) I–E hysteresis curves variation with the applied field cycles on HfxZr1�xO2.

Table 1. Wake-up effect as a function of Hf/(HfþZr) atomic ratio.

Hf/(Hfþ Zr)a) Initial 2Pr
[μC cm�2]b)

Maximum 2Pr
[μC cm�2]

Δ2Pr
[μC cm�2]c)

Onset of
Fatigue

0.57 12.4 14.7 2.3 >104

0.50 10.8 16.4 5.6 >105

0.43 5.4 11.8 6.4 >106

a)Atomic ratio; b)Initial 2Pr when P–V measurements are carried out with an
amplitude of 2MV cm�1; c)Δ2Pr¼ maximum 2Pr� initial 2Pr).
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nonpolar orthorhombic into polar orthorhombic phase, nonuni-
form distribution of charged defects (e.g., oxygen vacancies),
depinning of domains, and alignment of their polarization along
the applied electrical field, are not excluded.[16–21] As shown in
Figure 3b, the coercive field (2Ec) seems to increase with the
number of applied field cycles, which is related to the opening
of P–E loops, as shown in Figure 4.

Based on the results above, we observed that Hf-rich HZO
improves 2Pr in the pristine state but shows earlier fatigue in
agreement with a stronger thermodynamic driving force for
monoclinic phase formation,[2] whereas Zr-rich HZO offers bet-
ter endurance. In the follow-up experiment, we tried to improve
the endurance of Hf-rich HZO, using a bilayer stack structure, in
which Hf-rich HZO was grown on a ZrO2 seed layer. The 1 or
2 nm-thick ZrO2 layer was inserted at the interface between the
TiN bottom electrode and Hf-rich HZO, with and without La3þ

doping (1.6 at% La). The ZrO2 seed layer was used with the pur-
pose of favoring the formation of the smaller orthorhombic
domain size into the Hf-rich HZO top layer and, consequently,
to delay conversion of orthorhombic phase to monoclinic phase
and therefore improving the endurance.

Quantification of the phases present in the bilayer stacks in
the pristine state (Figure 5) showed a decrease in orthorhombic
phase, concomitantly with the gradual increase of tetragonal
phase content. The same trend was observed with the increase
in the thickness of ZrO2 underlayer and when adding La3þ as a
dopant. The tetragonal phase became the predominant phase for
the 2 nm ZrO2/La: Hf0.57Zr0.43O2, for which the monoclinic
phase content was the lowest.

To compare the ferroelectric behavior of the bilayer stacks with
longer endurance cycles (up to 1010 cycles), we included in
our study a reference layer, e.g., a La-doped stoichiometric HZO
(La: Hf0.50Zr0.50O2)-based stack. No monoclinic phase was seen
in La-doped stoichiometric HZO, similar to the study by
Kozodaev et al.,[5] even though its presence cannot be completely
ruled out. However, Rietveld refinement showed only a mixture
of orthorhombic (54%) and tetragonal (40%) phases, next to a
small amount of cubic phase (6%). At the same Hf/Zr ratio,
not only the method of fabrication,[21] the precursors used, the
deposition temperature, and the crystallization temperature,
but also the La dopant concentration[5,22] will affect the relative
ratio of the phases and consequently the ferroelectric response
(e.g., polarization, endurance, and retention).[23] Rietveld refine-
ment shows an increased amount of orthorhombic phase with
introduction of La dopant in stoichiometric HZO, while reducing
the cubic and monoclinic phase.

We examined the chemical depth profile of elements
present in the corresponding ZrO2/Hf0.57Zr0.43O2 and ZrO2/La:
Hf0.57Zr0.43O2 bilayer stacks by TOFSIMS analysis (Figure 6a).
No intermixing could be evidenced between the two layers after
postmetallization anneal, as observed when comparing the Zrþ

and Hfþ in-depth signal. Moreover, Laþ is localized into HZO;
thus, no out-diffusion into ZrO2 bottom layer was observed. The
EDS depth profile of Zr, Hf, and O for the 2 nm ZrO2/Hf-rich
HZO sample confirmed that two distinct layers ZrO2 and HZO
are present in the stack (Figure 6b).

In Figure 7, the cycling endurance test was conducted at a
field amplitude of 2.5 MV cm�1, with the exception of 1 nm

Figure 5. a) GIXRD patterns and b) phase content of Hf-rich HZO, undoped, and La-doped ZrO2/Hf rich HZO, and La-doped stoichiometric HZO.
c) GIXRD pattern, experimental data (beige line), and fit (black line, Rwp¼ 6.72%, 1σ¼ 1.03) for La:Hf0.50Zr0.50O2.
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ZrO2/La: Hf0.57Zr0.43O2, for which the field amplitude was
slightly higher (2.8MV cm�1).

As no intermixing occurred postannealing between ZrO2 and
Hf0.57Zr0.43O2, the ferroelectric response of the bilayer stacks

was determined mainly by the Hf-rich HZO layer. 2Pr after
one cycle was lower (11.2 μC cm�2) for the 2 nm ZrO2/
Hf0.57Zr0.43O2 as compared with stoichiometric HZO. This
agrees with the lower orthorhombic phase content in the pristine
state. About 1.6 at% La doping further reduces 2Pr, though it
improves endurance of ZrO2/La: Hf0.57Zr0.43O2. The maximum
of 2Pr (14.4 μC cm�2) was achieved at 106 cycles for the 2 nm
ZrO2/La: Hf0.57Zr0.43O2, which is higher than the maximum
2Pr (13.4 μC cm�2) corresponding to the undoped ZrO2/
Hf0.57Zr0.43O2. If the thickness is reduced to 1 nm, 2Pr increase
is again observed, which can indicate larger domain size of the
orthorhombic phase or less pinning of the ferroelectric domains.
This could be related to the impact of the island-like ZrO2, which
is not yet a completely closed layer at a thickness of 1 nm.
Therefore, the Hf-rich HZO grown on top of 1 nm ZrO2 could
have a direct contact to the TiN bottom electrode in some areas.
This could favor a mechanism of nucleation similar to Hf-rich
HZO on TiN, as shown in Figure 2, responsible for a larger
orthorhombic domain size upon crystallization. In comparison,
the initial 2Pr of La:Hf0.50Zr0.50O2 was modest (3.1 μC cm�2)
and required a long wake-up. After 106cycles, 2Pr was still infe-
rior (10.7 μC cm�2), as compared with the 2 nm ZrO2/La:
Hf0.57Zr0.43O2 stack, and became comparable only at 1010 cycles
(14.2 μC cm�2). Moreover, no impact of the leakage can be
seen at 1010 switching cycles (Figure 7b). Even though the
2 nm ZrO2/La: Hf0.57Zr0.43O2 stack showed a decrease of 2Pr

at 1010cycles (10.2 μC cm�2), it demonstrates the benefit of using
ZrO2 seed for a faster wake-up, likely applicable also for stoichio-
metric HZO.

3. Conclusion

The impact of a ZrO2 seed layer on the crystallization and ferro-
electric behavior of hafnium zirconate (undoped or doped
with La3þ) was assessed. The content of crystalline phases of
polymorphic HZO in pristine state was used to explain the initial
polarization and further behavior during the endurance tests.
The increase in endurance of the Hf-rich HZO with the addition
of ZrO2 seed and/or the La3þ dopant at low concentrations was
found to correlate with the reduction of monoclinic phase con-
tent. Addition of a 2 nm ZrO2 seed layer extended endurance of

Figure 6. a) TOFSIMS depth profile of 2 nm ZrO2/Hf-rich HZO and 2 nm ZrO2/La:Hf-rich HZO. b) EDS depth profile of 2 nm ZrO2/Hf-rich HZO.

Figure 7. Endurance characteristics of (doped) HZO with and without
ZrO2 seed. Bipolar pulses with rise and fall time of 200 ns were used
for fatigue measurements (833 kHZ). a) I–E and b) P–E hysteresis curves
variation with the applied field cycles on 2 nm ZrO2/La:Hf0.57Zr0.43O2 and
La: Hf0.50Zr0.50O2 at 1010 switching cycles.
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Hf-rich HZO layer. Moreover, doping of Hf0.57Zr0.43O2 grown on
2 nm ZrO2 seed layer with La improved the endurance even fur-
ther to 1010 cycles. In the absence of the ZrO2 seed and the La3þ

dopant, we observed an accelerated fatigue for Hf-rich HZO,
which could be correlated with the presence of higher mono-
clinic phase content. The seed layer used for growth of the fer-
roelectric layer was found to be a crucial parameter in controlling
the relative phase ratio of polymorphic hafnium zirconate.
However, further experiments are needed to understand if the
increase in polarization is due to the change in domain size
of orthorhombic phase occurring during electric field cycling
and/or if the domains align along the applied electrical field.
A combination of ZrO2 interfacial layer with Hf-rich HZO also
promoted a faster wake-up behavior. In addition, the La3þ was
used to further reduce the monoclinic phase content in Hf-rich
HZO, thereby improving the endurance, while at the same
time offering higher 2Pr in the pristine state as compared with
La-doped stoichiometric HZO.

4. Experimental Section
HZO films were grown by a thermal ALD process on 10 nm TiN depos-

ited on Si(100) wafers (300mm diameter) at 300 �C using HfCl4 and ZrCl4
(Versum Materials) as metal sources and H2O as oxidant, at Hf:Zr pulse
ratios of 1:1, 4:3, and 3:4. The Hf/(Hfþ Zr) atomic ratios obtained were
0.50, 0.57, and 0.43, respectively. Prior to �10 nm-thick HZO deposition,
a 1 nm or a 2 nm ZrO2 seed layer was deposited in some cases. Lola’
(Air Liquide) was used as precursor for La3þ doping. A 10 nm TiN cap
layer was deposited before annealing at 550 �C in N2 atmosphere for 60 s.
Doping with La3þ was made at �1.6 at% dopant as determined by
Rutherford backscattering spectrometry (RBS) analysis. The deposited
layers were further characterized by X-ray reflectometry (XRR), grazing-
incidence X-ray diffraction (GIXRD), scanning electron microscopy (SEM),
energy-dispersive X-ray analysis (EDS), and time-of-flight secondary-ion
mass spectrometry (TOFSIMS). As such, the physical characteristics,
namely, thickness, crystallization behavior, grain morphology, and chemi-
cal elements distribution, were evaluated. Polarization–electric field (P–E)
plots and the corresponding current–electric field (I–E) characteristics of
the MFM capacitors were measured at 10 kHz and room temperature.
Remanent polarization (Pr

þ and Pr
�) was calculated from the P–E hyster-

esis loop at E¼ 0. Double remanent polarization (2Pr) was calculated as
the sum of absolute values of positive and negative remanant polariza-
tions. Fatigue measurements were carried out with bipolar pulses with
rise, fall, and flat times of 200 ns at 250 kHz or at 833 kHz.
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