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ABSTRACT

Ferroelectric HfxZryOz (HZO) with an average polarization switching window of 32 μC/cm2 was demonstrated on a Si substrate with a ZrO2
interfacial layer (IL). It is suggested that the ZrO2 IL below HZO crystallizes in the form of an o-phase prior to HZO crystallization, during
rapid thermal annealing, thereby promoting the vertical growth of an o-phase HZO layer. HZO with the ZrO2 IL consists mainly of an o-
phase that exhibits an in-plane tensile stress of 2.68 GPa, resulting in superior ferroelectric characteristics. This technology has the potential
to expedite the realization of ferroelectric Hf-based dielectrics in advanced memory and logic technology.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5124402., s

Since the discovery of ferroelectricity in HfO2, there has been
great interest in both the fundamental science and the relevant
device applications.1–10 Of note, ferroelectric HfO2 is emerging to
have the greatest potential in both memory and logic devices.7–10

While various approaches are being taken to enhance ferroelectric-
ity in HfO2 via different deposition techniques, different dopants
and percentages, and different capping methods, most of the stud-
ies on ferroelectric HfO2 have been performed on top of a metal-
lic bottom electrode (typically TiN).1–5 Although the fundamental
science of ferroelectricity in Hf-based dielectrics on TiN has pro-
voked curiosity, a stack of Hf-based dielectrics on a metal electrode
is not a conventional stack of interest. In fact, it limits its applica-
tions, especially to MOS devices. Realizing ferroelectric Hf-based
dielectrics on a semiconductor substrate would be of great inter-
est for device applications but remains a challenge, especially with
a Si substrate.6,11,12 Recently, it was reported that the ZrO2 inter-
facial layer (IL) on the TiN plays an important role in the nucle-
ation of HfxZr1−xO2 (HZO). A ZrO2 IL consisting mainly of an
o-phase will tend to promote the o-phase in the HZO, resulting in
superior ferroelectric characteristics in the HZO, compared to other
ILs.13 Although previous studies have demonstrated the ability of
the ZrO2 IL to form enhanced ferroelectric characteristics in the

HZO, the HfO2/ZrO2/TiN stack is still not compatible with mem-
ory and logic devices and thus cannot be integrated in conventional
processes.13

For the present study, we have successfully formed ferroelectric
HZO on a Si substrate using a ZrO2 IL. The HZO in the stack of the
HZO/ZrO2/Si substrate showed enhanced ferroelectricity, similar to
the HZO in the stack of the HZO/ZrO2/TiN electrode.13 It was found
that the ZrO2 IL consisting mainly of the o-phase effectively exerted
in-plane tensile stress in the HZO during crystallization, resulting in
a stable o-phase and thereby, the ferroelectric HZO. A residual stress
analysis conducted via the sin2Ψ method using XRD indicated that
with the ZrO2 IL, the HZO was under tensile stress. These results
have the potential to expedite the realization of ferroelectric HZO in
advanced memory and logic technology.

First, a 2-nm thick ZrO2 IL was deposited on a heavily doped
p + Si (100) substrate after the conventional Si substrate clean-
ing process with H2O2:H2SO4 = 1:1 and the HF-last process.
For comparison purposes, a sample with an Al2O3 IL was also
prepared. Both the ZrO2 and the Al2O3 ILs were deposited via
atomic layer deposition (ALD) using tetrakis-ethyl-methyl-amino
zirconium (TEMAZr) with ozone as a reactant gas at 300 ○C and
trimethyl-aluminium (TMA) with H2O as a reactant gas at 200 ○C,
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FIG. 1. P-V hysteresis of metal-ferroelectric-interlayer-Si capacitors with differ-
ent interlayer dielectrics: without an additional interlayer (w/o IL), with a ∼2 nm
Al2O3 interlayer (Al2O3 IL), and with a ∼2 nm ZrO2 interlayer (ZrO2 IL). P-V
measurements were conducted at 1 kHz.

respectively. A 9.5-nm thick HZO film with an Hf:Zr ratio of
0.87:0.13 was subsequently deposited on top of these ILs via radio-
frequency (RF) cosputtering using HfO2 and ZrO2 targets. Next, a
40-nm thick TiN electrode was deposited on top of these HZO films
via DC sputtering followed by rapid thermal annealing (RTA) in N2
ambient at 900 ○C for 1 min. After the crystallization of the HZO
through the RTA process, Al was deposited via sputtering. Finally,
the metal electrode was defined via conventional lithography and
the dry etching process. The thicknesses of the dielectrics and the
entire stack were measured using spectroscopic ellipsometry and a
Cs-corrected scanning transmission electron microscope (STEM),
respectively. A grazing incidence X-ray diffraction analysis (GIXRD)
was conducted via the sin2φ method at an incident angle of 0.5○ to
investigate the crystal structure of the film, which revealed residual
stress in the HZO. Polarization-voltage (P-V) hysteresis curves and

electrical properties were measured using a ferroelectric tester and
parameter analyzer, respectively.

Figure 1 shows the typical P-V hysteresis curves of the HZO
films with the ZrO2 IL and Al2O3 IL, as well as without the IL
between the HZO and Si substrate. The hysteresis loops of HZO with
both the Al2O3 IL and ZrO2 IL were measured in the range from
−5.5 to 5.5 V, while those without the IL were measured in the range
from −3 to 3 V due to the relatively high gate leakage current (data
is not shown).

P-V curves caused by ferroelectricity were clearly observed
from the HZO with both the Al2O3 IL and ZrO2 IL. On the other
hand, the HZO without the IL exhibited poor ferroelectricity due to
the relatively high gate leakage current due to crystallized dielectrics
with ultrathin equivalent oxide thickness (EOT).

The average polarization switching (Psw: Pr
+–Pr

−) value from
the HZO with the ZrO2 IL was 32 μC/cm2, which outperformed
the HZO without the IL and with the Al2O3 IL. This indi-
cated that the ZrO2 IL plays an important role in forming the
low-EOT ferroelectric HZO dielectrics. In addition, the HZO
with the ZrO2 IL showed excellent uniformity (a standard devi-
ation of 0.26 with a sample size of 25), which was attributed
to the CMOS compatible process integration performed in this
work.

To investigate the effect of the ZrO2 IL on the ferroelectric
properties of the HZO dielectrics on the Si substrate, the crystal
structure and residual stress of the HZO with the ZrO2 IL were com-
pared with the HZO with the Al2O3 IL and without the IL using
GIXRD. Figure 2(a) shows the GIXRD pattern of the HZO with the
ZrO2 IL and Al2O3 IL as well as without the IL. The broad diffrac-
tion peak in the range of 30○–32○ arose from the (111) planes of the
o-phase and monoclinic phase (m-phase) as well as the (011) plane
of the tetragonal phase (t-phase). Their structural similarity created
proximity between the peaks so that clear discrimination was chal-
lenging. Nevertheless, the diffraction peak near 36○, representing the
(200) plane of the o-phase, was clearly observed only in the HZO
with the ZrO2 IL.

FIG. 2. (a) Grazing angle incidence X-ray diffraction
(GIXRD) patterns of HZO capacitors with different interlayer
dielectrics, (b) the relative ratio of the orthorhombic phase
(o-phase/{(t-phase) + (m-phase)}) with different interlayer
dielectrics.
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Based on the results in Fig. 2(a), the relative ratio of the peak
heights of the o-phase over the sum of both the t-phase and m-phase
are presented in Fig. 2(b). This shows that the o-phase ratio in the
HZO with the ZrO2 IL was almost double that of the corresponding
ratio without the IL. The above results adequately matched previous
reports in which the t-phase to m-phase transition was suppressed,
and the transformation to the o-phase was promoted when large in-
plane tensile stress was applied to the HfO2.4–6 The formation of
a noncentrosymmetric o-phase in the HfO2 was a response to the
ferroelectric properties in the HfO2-based dielectrics.

To further quantify the stress exerted on the HZO with the
addition of the IL, the stress value of the film was analyzed via the
sin2φ method using XRD. The stress value was obtained from the
slope of the linear regression line using the least squares method
on a sin2φ (x-axis) − 2θ (y-axis) graph, as shown in the following
equation: 14

σ = K ⋅M = (− E
2(1 + v) ⋅ cotθ0 ⋅ π

180
) ⋅ ( Δ2θ

Δsin2φ
), (1)

where K, M, θ, E, v, and φ represent the residual stress, stress con-
stant, respective slope of the linear regression line, Young’s modulus,
Poisson’s ratio, and the angle between the surface normal and lattice
plane normal vectors, respectively. Based on Eq. (1), a graph of the
2θ function vs |sin2φ| was plotted for the HZO with both the Al2O3
and ZrO2 ILs as well as without the IL, as shown in Fig. 3.

The HZO with the ZrO2 IL showed an excellent linearity factor
of 0.95, and the respective stress was calculated to be 2.68 GPa (ten-
sile stress value), which was sufficient to form an o-phase in the HfO2
dielectrics.15,16 Compared to the HZO with the ZrO2 IL, the HZO
with the Al2O3 IL exhibited a lack of linearity (a linearity factor of
0.61), as shown in Fig. 3(b), and the HZO without the IL [Fig. 3(a)]
showed an oscillatory behavior, indicating inhomogeneous stress in
the film. This residual stress analysis suggests that the ZrO2 IL effec-
tively induced more mechanical stress in the HZO than the Al2O3
IL, promoting the noncentrosymmetric o-phase in the HZO. The
large amount of residual tensile stress in the metal/HZO/ZrO2/Si
stack originated, in part, from the relatively large thermal expan-
sion coefficient (CTE) difference between the ZrO2 (6.3 × 10−6 K)
and Si substrate (3.08 × 10−6 K) compared with that between the
Al2O3 (3.84 × 10−6 K) and Si substrate (3.08 × 10−6 K).17–19 The
ZrO2 IL presumably crystallized in the form of the o-phase prior
to HZO crystallization during the rapid thermal annealing process
because the former had a lower crystallization temperature than the
latter,20,21 which is well supported by the following TEM analysis.
Furthermore, the ZrO2 plays a role as a capping layer to prevent the
thermal stress release of the HZO layer.22

Figures 4(a) and 4(b) show the cross-sectional TEM images
of the TiN/HZO/Si substrate and TiN/HZO/ZrO2 IL/Si substrate,
respectively. The average lattice fringe distance of the ZrO2 IL shown
in Fig. 4(b) was measured to be 2.9 Å, which was indexed to the (111)
plane of the o-phase.23 In this TEM image, an IL between the ZrO2
IL and HZO layer is not distinguishable, which suggests that the o-
phase ZrO2 IL promoted the vertical growth of the o-phase HZO.
In contrast, the TEM image of the HZO without the IL illustrated
in Fig. 4(a) showed a mixture of different grains (different direc-
tions and different areas) and, in part, a hazy image. These TEM
images clearly indicate that even the ultrathin ZrO2 IL effectively
promoted the noncentrosymmetric o-phase in the HZO via the

FIG 3.−sin2φ vs 2θ plot of metal-ferroelectric-interlayer-Si capacitors with different
interlayer dielectrics: (a) without additional IL, (b) with 2 nm Al2O3 IL, and (c) with
2 nm ZrO2 IL.

induction of mechanical stress, resulting in the formation of ferro-
electric HZO.

It is worth mentioning that while preparing this manuscript, a
similar approach with a ZrO2 seed layer used to form a ferroelec-
tric Hf-based dielectric was published.24 We focused more on the
stress analysis related to the ZrO2 IL in the HZO, while the recent
work focused more on device performance, particularly for next
generation memory device applications.

Ferroelectric Hf0.87Zr0.13O2 (HZO) was realized on a Si sub-
strate with a 2-nm thick ZrO2 IL between the HZO and Si sub-
strate. Comparisons were also carried out with a HZO/Al2O3 IL/Si
substrate and HZO/Si substrate. The HZO with the ZrO2 IL exhib-
ited robust ferroelectricity (showing a Psw of 32 μC/cm2) compared
to those with the Al2O3 IL and without the IL. The experimental
results revealed that the o-phase ZrO2 IL induced in-plane tensile
stress with a value of 2.68 GPa in the HZO, promoting the verti-
cal growth of a noncentrosymmetric o-phase in the HZO during the
crystallization annealing process. This stack technology, leveraging
the ferroelectric HZO on a Si substrate with a ZrO2 IL, can expedite
the exploitation of ferroelectricity in advanced memory and logic
devices.
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FIG 4. Cross-sectional TEM image (a) without additional
interlayer (w/o IL) and (b) with ZrO2 interlayer (ZrO2 IL).
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