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ABSTRACT: Herein, we report the ferroelectricity of HfxZr1−xO2 (HZO) thin films crystallized via excimer laser annealing at 25 °C
under atmospheric conditions. We characterized the structure and antiferroelectric/ferroelectric properties of HZO thin films using
X-ray diffraction and standard polarization−voltage hysteresis. The laser-annealed Hf0.5Zr0.5O2 thin film was gradually crystallized
with increasing laser pulse number. The HZO thin film series exhibited systemic changes in antiferroelectric/ferroelectric properties
with variations in Zr concentration. In addition, we constructed a phase diagram of laser-annealed HZO thin films.
KEYWORDS: excimer laser annealing, ferroelectricity, antiferroelectricity, hafnium oxide, zirconium oxide, crystallization

Extensive fundamental research has been conducted on
HfO2-based ferroelectric thin films since the discovery of

ferroelectricity in HfO2.
1 The unprecedented ferroelectricity

with large remnant polarization and coercivity renders the
ferroelectric HfO2 film applicable for next-generation elec-
tronic devices, such as ferroelectric field effect transistors (Fe-
FETs),2 synaptic devices,3 and negative-capacitance field effect
transistors (NC-FETs).4 In contrast to typical ferroelectric
perovskites such as BaTiO3 and Pb(Zr,Ti)O3, HfO2-based
ferroelectric thin films exhibit robust ferroelectricity with a few
layers and excellent compatibility with Si-based complemen-
tary metal−oxide−semiconductor (CMOS) devices.2 More-
over, the subnanometer-scale localization of electric dipoles
and individual switching of the ferroelectric dipoles offer
opportunities for ultradense oxide electronics.5 Owing to such
advantages, ferroelectric HfO2 is a promising candidate for
industrial nonvolatile electronic devices.6

Extensive research has been devoted to elucidating the origin
of ferroelectricity and stabilizing the ferroelectric phase
adequate for applications.7 Ferroelectricity in HfO2 originates
from the noncentrosymmetric orthorhombic Pca21 phase.

1 To
stabilize the orthorhombic phase, stress and strain engineering
is generally employed using a dopant and/or a top capping
electrode along with a rapid thermal annealing process.8

However, a high-temperature process is required to crystallize
the metastable orthorhombic phase, hindering the rapid
development of industrial applications.9 Thus, several studies
have reported new strategies for improving ferroelectric
properties at low temperatures. The plasma-enhanced atomic
layered deposition (PE-ALD) process achieves high ferroelec-
tricity at a low temperature but is limited to 400 °C.10
Additionally, the deep ultraviolet (DUV)-assisted annealing
method lowers the crystallization temperature to 350 °C.11 In
particular, recently reported crystallization studies using nano-/
millisecond laser annealing systems offer new opportunities for
back-end-of-line compatible fabrication processes for HfO2-
based ferroelectric devices.12−14

The laser annealing method is a mature field of research in
crystallizing amorphous silicon and oxide thin films, including
SiO2,

15 TiO2,
16 and perovskites.17 The laser annealing process
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has the ability to regulate rapid heating and cooling processes
by controlling the laser pulse. In addition, a separate
photochemical effect allows oriented/epitaxial crystal growth
owing to photochemical effect. The nucleation and growth
mechanism of the oxide crystal phase using laser annealing
depends on the time scale of the radiation input and the
absorbance factor of the material. However, few studies have
reported an effect of laser annealing in the case of HfO2.

18 A
better understanding of the effect of the laser annealing process

in HfO2 thin films allows for a new degree of freedom with
regard to the fabrication of next-generation devices, which are
currently difficult to produce via conventional heating
processes for stacked device structures.
Herein, we report an experimental investigation of the

crystallization of HfxZr1−xO2 (HZO) thin film series via the
pulsed laser annealing process over a wide range of
compositions. With variations in the Zr composition ratio,
we observed the systemic changes in antiferroelectric/ferro-

Figure 1. (a) Schematic of HZO/TiN/Si-substrate stack structure annealed by the excimer laser. (b) Grazing incidence X-ray diffraction profiles
for the samples annealed under varying the number of excimer laser pulses. (c) X-ray diffraction peak intensity corresponding to cubic-like phases
including the tetragonal and orthorhombic phases as a function of the number of laser pulses. (d) Polarization−voltage (P−V) curves with varying
the number of laser pulses. (e) 2Pr and (f) dielectric constants as a function of the number of laser pulses.

Figure 2. (a) Grazing incidence X-ray diffraction profiles, (b) polarization−voltage, and (c) dielectric constant−voltage hysteresis of 10 nm thick
HfxZr1−xO2 thin film series. The polarization−voltage and dielectric constant−voltage hysteresis were measured for Au/TiN/HfxZr1−xO2/TiN
capacitor with an area of 90 × 90 μm2 and a thickness of 10 nm. The voltage range of the polarization−voltage and dielectric constant−voltage
hysteresis is ±4 and ±3 V, respectively.
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electric properties of laser-annealed HZO thin film. In
addition, we reported the selective formation of the
orthorhombic phase in Hf0.5Zr0.5O2 thin films via pulsed laser
annealing process variations. The results are of technical
importance for achieving the ferroelectric properties of the
HfO2-based thin films with a low thermal budget and are
helpful for understanding the crystal growth and phase
transition through the laser annealing process.
The crystallization of the HZO thin film was enhanced as

the number of laser pulses increased. Figure 1b shows the
grazing incidence X-ray diffraction (GIXRD) patterns indicat-
ing the evolution of Hf0.5Zr0.5O2 crystallinity with varying the
number of laser pulses. The pattern of the nonannealed film
only has peaks around 38°, 45°, and 53° corresponding to the
structure of the gold electrode and silicon substrate. However,
the peak around 30.5° corresponding to the cubic-like phase
including the orthorhombic phase (111) or tetragonal phase
(011) (o(111)/t(011)) gradually rises with increasing pulse
irradiation number. Notably, the determination among the
tetragonal and orthorhombic phases is certainly ambiguous
owing to their similar peak positions in the GIXRD pattern.
However, the monoclinic phase exhibits two separated peaks at
around 28.5° and 31.6°. Although the growth of the
monoclinic phase cannot be completely excluded, it is clear
that the crystallization of the cubic-like phase is enhanced by
increasing the number of laser pulses. Furthermore, the
increase in dielectric constant εr and remnant polarization Pr
accompanied by the increase in X-ray intensity supports that
the laser annealing process selectively enhanced the formation
of cubic-like phases in Hf0.5Zr0.5O2 thin films (see Figure
1c,e,f). The 2Pr, dielectric constant εr, and the XRD peak
intensity corresponding to the cubic-like phase are plotted as a
function of the number of laser pulses. The underlying εr−V
curves are given in the Supporting Information. Meanwhile, an
adequate number of laser pulses is required to achieve optimal
crystallization. For polycrystalline growth, sufficient photo-
thermal heating is essential to nucleate an initial crystal in
amorphous films without preferential nucleation sites.
However, after crystal nucleation, crystal growth is enhanced
by photothermal heating and a photochemical effect at the
reaction interface on the surface.18

The laser annealing process at room temperature in the
ambient air demonstrated systemic structural changes in
various compositions, similar to the conventional postmetal-
lization annealing (PMA) process. Figure 2a presents the
GIXRD patterns of the laser-annealed HZO thin film series. In
the high ZrO2 concentration region, the intensity of the
o(111)/t(011) peak was enhanced without peak separation or
an additional peak emergence. However, although it is difficult
to unambiguously determine the structure phase owing to its
low diffraction intensity in the Hf-rich region, the GIXRD
pattern exhibits the peaks corresponding to the orthorhombic/
tetragonal and monoclinic phases. In the 16 nm thick laser-
annealed Hf-rich HZO samples, the o(111)/t(011), mono-
clinic (111̅), and monoclinic (111) peaks were clearly seen
(Figure S3). The enhancement of the orthorhombic/tetragonal
phase with increasing Zr concentration was observed as
reported by the thermal annealing process.19 The previously
reported thermodynamic model and experimental results
demonstrated that the Zr dopant lowers the crystallization
temperature and stabilizes the t-/o-phase formation of HZO
thin films.20

The origin of laser annealing-induced crystallization can be
categorized into two mechanisms: photochemical and photo-
thermal effects. Previous research suggested that the pulsed
laser process induces the initial crystal nucleation and
subsequent advance of crystal growth by the photochemical
effect and instantaneous temperature increase by the photo-
thermal effect.12−14,18 Although crystallized HfO2 has a large
bandgap of ∼5.6 eV, the photothermal heating effect could
occur owing to the photoabsorbance of the amorphous layer,
bottom electrode, and substrate. The photothermal effect
yields a much higher heating and cooling rate than the
conventional rapid thermal annealing process. An extremely
fast heating process prohibits the growth of the monoclinic
phase, considering the thermodynamic stability at a small
crystal growth scale.21 In addition, a fast cooling process
promotes the transition of HfO2 crystalline from the tetragonal
to orthorhombic phases by preventing phase relaxation with
large tensile stress.22 Conversely, the photochemical cleavage
of organic residues and subsequent scavenging could cause the
formation of a dense metal−oxygen−metal bond,23 causing the
facilitated crystallization of HZO thin films. In addition, the
photocharged electrons transferred from the bottom TiN
electrode to the HZO interfaces can further enhance the
crystallization of the HZO thin film.11

Because ferroelectricity is intimately related to the crystal
structure, ferroelectric characteristics can reveal the distinct
differences corresponding to the crystalline structure. The
ferroelectricity of HZO thin films originates from the
noncentrosymmetric orthorhombic phase.1 Antiferroelectricity
is assumed to originate from the centrosymmetric tetragonal
P42/nmc and orthorhombic ZrO2 phases, corresponding to
nonpolar and polar phases, respectively.24,25 Thus, the
ferroelectric and antiferroelectric behaviors represent the
orthorhombic and tetragonal phase formation in the laser-
annealed HZO thin film series, respectively.
Laser-annealed HZO thin films exhibit ferroelectricity over a

wide composition range of the solid solution. Figure 2b shows
the polarization−voltage (P−V) hysteresis curves for laser-
annealed HZO thin films with varying zirconium concen-
trations. Pure HfO2 thin film exhibits paraelectric property
with small remnant polarization. Almost linear dielectric
properties responded to the applied electric field in the pure
HfO2 region. As expected from the analysis of the GIXRD
data, introducing Zr in HfO2 gradually causes the attainment of
the ferroelectric property. Maximum remnant polarization was
achieved for the Hf0.5Zr0.5O2 film. Increasing the ZrO2 content
in the solid solution reduces the remnant polarization at zero
bias, phenomenologically described as superimposed antiferro-
electric characteristics.
The high dielectric constant demonstrates dominant

orthorhombic/tetragonal phase formation in the laser-annealed
HZO thin film series. Figure 2c displays the dielectric
constant−voltage curves for laser-annealed HZO thin films
with varying Zr concentrations. The peaks in the butterfly-like
hysteresis of the dielectric constant−voltage curves result from
ferroelectric polarization switching. The dielectric constant
outside the peak of the butterfly shape represents the static
dielectric contribution. The dielectric constants of the
monoclinic, orthorhombic, and tetragonal phases are theoret-
ically known to be 19−25, 24−29, and 24−57, respectively.26
The increase in the dielectric constant implies that the
paraelectric monoclinic phase was relatively suppressed, and
the orthorhombic/tetragonal phases were enhanced with
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increasing Zr concentrations. Considering the GIXRD and
electrical measurement results, the laser annealing process
drives the high-k phase formation and considerably stabilizes
the ferroelectric orthorhombic phase in the Hf0.5Zr0.5O2
composition.
The laser annealing process results in the dominant

formation of the orthorhombic phase with the large remnant
polarization detached from other combined stacking processes
such as the top electrode capping. Figure 3a shows a cross-

sectional transmission electron microscope (TEM) image of
the laser-annealed TiN/10 nm Hf0.5Zr0.5O2/TiN structure.
The fast Fourier transform (FFT) image corresponding to the
boxed area in Figure 3a is shown in Figure 3b. As evidenced by
FFT, the crystal structure was identified as the orthorhombic
phase. Considering the results from GIXRD and TEM analysis,
the laser annealing process yields the preferential formation of
an orthorhombic phase in the Hf0.5Zr0.5O2 thin film. In
addition, the largest remnant polarization and square-like
hysteresis of Hf0.5Zr0.5O2 thin films support that the laser
annealing process induced the dominant formation of the
ferroelectric phase among the cubic phases.
The crystallization of metastable orthorhombic phases

without a top electrode offers intriguing possibilities for
potential advantages of the laser annealing process. Generally,
the monoclinic phase is thermodynamically more stable below
1750 °C than the tetragonal and orthorhombic phases.27 Thus,
the nucleated high symmetric phase is likely to transform into
the monoclinic phase in conventional thermal annealing
processes. A mechanical strain is usually used to stabilize the
ferroelectric orthorhombic phase. A TiN capping layer
impedes the volume expansion of the transformation from
the t- to m-phase during crystallization.1 Moreover, the
potential scavenging effect of the TiN electrode, varying the
oxygen vacancy distribution, is attributed to the stabilization of
the o-phase.28 However, the conventional PMA process is
feasible in device applications, considering the high thermal
budget for the device fabrication process. When HZO films are
crystallized without a capping layer via a laser annealing
process, the dominant formation of the orthorhombic or
tetragonal phase is achieved. Hence, it might be expected that
the laser annealing process inhibits the monoclinic phase
nucleation from the amorphous state, and controlling the
annealing condition selectively allows the formation of
tetragonal and orthorhombic phases.
On the basis of the GIXRD data analysis, we constructed a

phase diagram of laser-annealed HZO thin films for various
compositions and thicknesses. The cubic-like phase ratio

estimated from the peak intensity relation of the coinciding
integrated intensity of diffraction peak corresponding to the
cubic-like phase (Ic) including the tetragonal and orthorhom-
bic phases against the monoclinic (111) and monoclinic (111̅)
phases (Im(111) and Im(111̅)) is as follows (Figure 4a):

29

=
+ +

I
I I I

cubic like phase ratio (%) c

m(111) m(11 1 ) c

This empirical equation called the “polymorph method” does
not take into account all theoretical parameters. However, the
estimated result agrees well with the theoretical equation for
the analysis of the monoclinic-cubic-like phase ZrO2 and HfO2
system.19,30 For the comparison in terms of structure factor
F(hkl), the multiplicity of reflection hkl, and the unit cell
volume, see the Supporting Information, Section 6.
Figure 4b shows the variations in the estimated cubic-like

phase ratios of the laser-annealed HZO thin films with
different compositions and thicknesses. The structural behavior
varies from monoclinic to cubic-like phases with increasing Zr
concentration ratio and decreasing thickness. The high cubic-
like phase ratio and the low cubic-like phase ratio regions are
expected to coincide with the emergence of antiferroelectric/
ferroelectric-like and paraelectric behaviors, respectively. Even
though the phase diagram is limited to the application of the
laser annealing process, it is expected to provide a valuable
guideline for the crystallization of HZO thin films.
In summary, the crystallization of the HZO thin-film series

was demonstrated using a KrF PLA process. Accumulative
crystallization was observed on increasing the number of laser
pulses. Similar to typical HfO2−ZrO2 systems, laser-annealed
HZO thin films exhibit dielectric, ferroelectric, and antiferro-
electric properties over a wide composition range. Further-
more, a phase diagram of laser-annealed HZO thin films for
various compositions and thicknesses was demonstrated. This
work could be the key to unraveling the effect of the laser
annealing process on the crystallization of HZO thin films. In
addition, it provides an opportunity to develop an HZO-based
ferroelectric device application through a low thermal-budget
process.

Figure 3. (a) Cross-sectional TEM image of laser-annealed 10 nm
Hf0.5Zr0.5O2 film. (b) FFT of partial region (red box) in (a) with
orthorhombic spots circled.

Figure 4. (a) GIXRD peak deconvolution with m(111̅), o(111)/
t(011), and m(111) at 28.5°, ≈30.5°, and 31.6°, respectively. (b)
Phase diagram for the laser-annealed HZO thin films with varying
thickness and composition ratio.
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