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ABSTRACT
In this work, we study the structural and electrical properties of Hafnium Zirconium Oxide (HZO) thin films deposited by Hf0.5Zr0.5O2 single-
target sputtering to fabricate a TiN/(14-/22 nm-thick) HZO/TiN stack. The structural analysis of the HZO thin films performed by in situ
x-ray diffraction upon thermal annealing shows the formation of the HZO orthorhombic phase at annealing temperatures as low as 370 ○C.
X-ray photoelectron spectroscopy interestingly reveals an identical chemical composition of the deposited HZO thin films and the sputtered
target, i.e., an Hf:Zr ratio of 1:1. The current–voltage characteristic of the TiN/HZO/TiN stack shows a current density of 10−5 A/cm2 at an
applied electric field of 1 MV/cm, which, being rather low, gives a strong indication of the good electrical quality of the HZO layer. Finally, a
butterfly-like capacitance–voltage loop is obtained on the TiN/HZO/TiN stack, indicating a ferroelectric behavior of the HZO layer.

© 2021 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/10.1063/5.0058656

I. INTRODUCTION

Owing to the increase in worldwide environmental awareness
about the risk of using lead-containing (Pb) electronic devices, the
replacement of lead-based materials from all the consumer items
has become a global demand. In particular, this has led the scien-
tific community to consider alternatives to the popular Pb(Zr, Ti)O3
(PZT) alloy used for its high ferroelectric and piezoelectric prop-
erties in passive components, such as ferroelectric capacitors1 or
in MEMS sensors or actuator devices.2,3 However, the replacement
of PZT still remains a big challenge. Indeed, many materials have
been suggested as lead-free alternatives, such as KNN,4 LiNbO3,5
and others.6 Nevertheless, due to the common drawbacks of these
materials, including the partial CMOS compatibility, volatility, or
limited functional thickness, a new class of lead-free materials based
on hafnium thin films has garnered important interest after the dis-
covery of Si-doped HfO2 ferroelectric properties in 2011.7 Thanks
to this material’s CMOS compatibility, nontoxicity, and well-known

properties, this discovery has opened new perspectives toward fer-
roelectric devices in both CMOS and MEMS technology.

Successful integration of doped-HfO2 ferroelectric thin films
in devices such as ferroelectric memories,8–10 ferroelectric tran-
sistors,8,11 and ferroelectric tunnel junctions12,13 has since been
demonstrated.

Many dopants have been used to demonstrate doped-HfO2 fer-
roelectric properties (La, Y, Gd, Sr, Zr, etc.).14–18 Among them, zir-
conium (Zr) is one of the HfO2 dopants with the particularity of
being highly miscible with Hf due to several physical and chemi-
cal similarities between HfO2 and ZrO2 (e.g., the same fluorite-type
structure and the same electronic configuration), which allows us
to obtain alloys with a 1:1 Hf:Zr ratio. Hafnium Zirconium Oxide
(HZO) presents numerous benefits such as lower deposition tem-
perature19 than Si-doped HfO2 and stable ferroelectric behavior.20

Atomic layer deposition (ALD) was the first deposition technique
and the most used one to obtain ferroelectric HZO thin films due
to self-limited surface reactions that allows very good film thickness
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control and enables accurate film chemical composition.18 Interest-
ing results of ferroelectric HZO have been obtained by sputtering as
well.21–23

The same environmental and sustainability motivation to
replace PZT has led us to consider the use and development of
single-target sputtering of HZO instead of ALD, the most widely
used deposition technique of HZO. Indeed, the single-target sput-
tering technique, being cheaper than ALD and exhibiting higher
throughputs, is more suitable for industrial processes. Moreover, the
fabrication of HZO targets has a smaller environmental impact than
the metalorganic precursors used in ALD in terms of cost, energy
consumption, and process complexity.

To date, only few research teams have initiated studies on sput-
tered ferroelectric HfO2-based thin films. Xu et al. reported ferro-
electric behavior of HfO2 film doped with various cations (Sc, Ge, Y,
Zr, and Nb).24 In 2017, Lee et al. published a report on the fabrica-
tion of ferroelectric HZO films deposited by reactive co-sputtering
through the investigation of the role of target power and working
pressure, as well as the thermal annealing conditions.25 In the co-
sputtering process, monitoring the chemical composition of HZO
through the ratio of Hf:Zr is more challenging than the straightfor-
ward single-target sputtering system, as shown in the results of the
study by Woo et al.22 and Ryu et al.21

In the first part of this paper, we study the impact of sputter-
ing conditions on HZO film properties in terms of stoichiometry,
chemical composition, deposition rate, and the interfaces within
the stack using x-ray photoelectron spectroscopy (XPS) and x-ray
reflectivity (XRR) while highlighting the single-target sputtering
advents. The second part of the paper is focused on two aspects: (1)
the HZO structural analysis using grazing-incidence x-ray diffrac-
tion (GIXRD) in an ex situ manner after rapid thermal anneal-
ing (RTA) and XRD in an in situ manner upon thermal annealing
to identify the temperature range yielding HZO crystallization
in the orthorhombic phase and (2) the electrical properties of
the TiN/HZO/TiN stack through current–voltage characteristics
that gives access to leakage current analysis and through a
capacitance–voltage loop that gives evidence of the HZO ferroelec-
tric properties.

II. EXPERIMENTAL CONDITIONS
p-type (100) silicon substrates covered with a native SiO2 layer

were used to deposit the TiN/HZO/TiN stack. A 50 nm-tick TiN
layer used as a bottom electrode was deposited by magnetron sput-
tering (Alliance Concept CT 100) using a Ti target under a N2

+Ar
plasma at a pressure of 3 ⋅ 10−3 mbar and 100 W magnetron power.
The Ar and N2 gas flow rates were 40 and 5 SCCM, respectively.
Another sputtering chamber (Alliance Concept DP 850) was then
used to deposit the HZO thin film by using a Hf0.5Zr0.5O2 sin-
gle target. The HZO films were deposited by sputtering at room
temperature in a reactor with a 120 mm target–substrate distance.
The process pressure was 4.5 ⋅ 10−3 mbar with an Ar flow rate of
60 SCCM. The power density applied to the HZO target was kept
at 3.33 W cm−2 (400 W total input power).

After deposition, the top electrode consisting of a 50 nm-
thick TiN layer was deposited under the same conditions as the
bottom TiN electrode. The TiN/HZO/TiN stack was exposed to

rapid thermal annealing (RTA) (Jetfirst100, Jipelec). A 50 nm-
thick Ti layer and 200 nm-thick Au layer were then evaporated
(MEB550, PLASSYS) on top of the stack. The whole stack was
patterned by an SUSS MicroTec MJB4 mask aligner using a stan-
dard AZ5214 photoresist and etched-back by reactive ion etching
in an inductively coupled plasma (ICP) reactor with Cl2, Ar, and
N2 gases (PlasmaLab100 from Oxford). Current–voltage (I–V) and
capacitance–voltage (C–V) characteristics were determined using a
Keithley 4200A SCS analyzer. Capacitance was measured at a fre-
quency of 10 kHz. The dielectric constant was extracted from the
C–V measurements.

X-ray photoelectron spectroscopy (XPS) was performed using
a Thermo Fisher Scientific Theta 300 with a monochromatic Al
Kα source, a beam size of 400 μm, and a pass energy of 100 eV.
XPS was used to determine the stoichiometry and chemical state of
the elements in the HZO films. XRR measurements were collected
to determine the thickness, roughness, and density of HZO films,
while GIXRD and conventional XRD measurements were recorded
to investigate its crystalline structure and orientation. XRR scanning
was performed using a Bruker D8 Advance diffractometer with Cu
Kα1 radiation. GIXRD acquisitions were collected with a RIGAKU
Smartlab diffractometer equipped with a 9 kW rotating anode Cu
source (45 kV and 200 mA). Detector scanning was performed in
the range of 25○–40○ (in 2-theta scale) with a step size of 0.06○

and a speed equal to 0.03○/min. The omega incidence was set to
0.45○. XRD patterns were collected with the same RIGAKU Smart-
lab diffractometer using the Bragg–Brentano configuration. A Ni Kβ
filter was set to obtain the Cu radiation (lambda was the Kα average
of copper = 0.1544 nm). The θ–2θ XRD measurements were per-
formed in the range of 25○–35○ (in 2-theta scale) with a step size of
0.008○ and a speed equal to 1○/min. The Anton Paar DHS1100 heat-
ing stage was used under a nitrogen atmosphere, where the samples
were held by two metal clips and the chamber was closed by a hemi-
spherical graphite dome cooled by compressed air above 200 ○C.
The temperature was varied from room temperature up to 900 ○C.
XRD scanning was carried out at room temperature (30 ○C), then at
50 ○C, every 25 ○C up to 900 ○C, and every 25 ○C down to 50 ○C. The
thickness of the films was measured also by FIB SEM (Focused Ion
Beam Scanning Electron Microscopy). The roughness of the films
was also analyzed by atomic force microscopy (AFM) on a Bruker
Dimension ICON system in the tapping mode using VTESPA-300
probes.

III. RESULTS AND DISCUSSION
A. Chemical composition of HZO thin films

The HZO layer chemical composition was studied by XPS,
which can also yield the chemical bond nature through the analysis
of the XPS peak chemical shift. By varying the x-ray beam inci-
dent angle between 23○ and 73○, the HZO layer was probed to a
depth of 10 nm. The XPS core level of Hf4f, Zr3d, O1s, and C1s peaks
recorded is shown in Figs. 1(a)–1(d) for HZO 14 and 22 nm thick
films. The different XPS peaks were positioned, and the correspond-
ing elements were identified by taking the C1s peak as a reference.
The small shift in energy is between the C1s peak for the two sam-
ples while the other elements are equally separated from the C1s
peak.
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FIG. 1. XPS spectra of HZO layers (14 or
22 nm) recorded in four binding energy
regions corresponding to different chem-
ical elements: (a) C1s, (b) O1s, (c) Hf4f,
and (d) Zr3d XPS. The spectra were
recorded with a takeoff angle of 23.75○.

For both samples, the Hf, Zr, and O elements are equally dis-
tant from the C1s peak. In Fig. 1(c), two components are identi-
fied at 16.3 and 17.9 eV corresponding to hafnium oxide O–Hf–O
bonds. Moreover, the Hf4f5/2/Hf4f7/2 doublet spin-orbit splitting and
the peak intensity ratio are 1.6 eV and ∼3/4, respectively, in good
agreement with reported values.26 Similarly, the Zr3d spectrum con-
sists of two spin-orbit splitted peaks at 181.8 and 184.1 eV as
illustrated in Fig. 1(d). The energy splitting of 2.4 eV and the
Zr3d3/2/Zr3d5/2 intensity ratio of are consistent with ZrO2 values
found in the literature.27 The C1s spectrum depicted in Fig. 1(a)
was decomposed into three contributions, namely, C–C, C–O,
and C=O, arising from typical ambient carbon contamination.

The O1s peak presented in Fig. 1(b) consists of two very close
peaks; the Hf–O and Zr–O bonds and the O–Hf–O and O–Zr–O
bonds overlapped at 529.69–530 eV. The O–O bond observed at
532.12 eV corresponds to interstitial oxygen related to Hf and Zr
sub-oxides.

Figure 2 shows the evolution of the deposition rate as a func-
tion of the increasing power density applied to the target. This high
deposition rate along with the conservation of the target chemical
composition in the deposited layer represents a strong advent of
using a HZO single-target. The ratio was extracted from the XPS
spectra similar to those shown in Fig. 1. The HZO single target used
in this work has a Hf:Zr ratio of 1:1. It confirms that the deposited
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FIG. 2. HZO film deposition rate vs target power density of the single-target
sputtering and the Hf:Zr ratio vs target power density as extracted from XPS
spectra.

film has the same chemical composition as the sputtered target for
a power density ranging from ∼1 to 5 W cm−2 although the deposi-
tion rate increases as well as the evolution of the Hf:Zr ratio in HZO
films.

B. Crystallographic structure of HZO
1. Rapid thermal annealing

As previously mentioned, the ferroelectric behavior of HZO
originates from the stabilization of its orthorhombic (non-
centrosymmetric) crystalline phase, which is generally obtained by
crystallizing as-deposited amorphous HZO by rapid thermal anneal-
ing.7 In this section, the effect of rapid thermal annealing on the
structural properties of HZO films was studied by GIXRD measure-
ments. Figure 3(a) shows the GIXRD data for the as-deposited and
thermally processed 14 nm-thick HZO films at different tempera-
tures. The as-deposited film shows no clear GIXRD peak, suggest-
ing that the film is amorphous, which represents the ideal start-
ing point toward inducing ferroelectricity following the subsequent
rapid thermal annealing.7 Moreover, the occurrence of three diffrac-
tion peaks upon thermal annealing is revealed, indicating progres-
sive HZO film crystallization. Indeed, the GIXRD patterns show
a major contribution from the orthorhombic/tetragonal phases
with a predominant broad diffraction peak around 2θ = 30.4○,
corresponding to the (011) and (111) reflections of the Pbc21
orthorhombic and P42nmc tetragonal phases, respectively. A diffrac-
tion peak with a smaller intensity also occurs around 2θ = 51○,
corresponding to the (220) reflection of the Pbc21 orthorhom-
bic phase. The third diffraction peak observed at 2θ = 28.6○ is
attributed the P21c monoclinic phase through the (−111) reflec-
tion. All three diffraction peaks appear at an annealing temper-
ature of 500 ○C, then increase steadily in intensity up to 600 ○C,
and starts to slightly decrease at 650 ○C. These results show that
the orthorhombic/tetragonal phases can readily be obtained by the
crystallization of an amorphous as-deposited HZO film. Although
the monoclinic phase is also formed, the orthorhombic/tetragonal

FIG. 3. (a) GIXRD patterns of the TiN/14nm-thick HZO/TiN stack for the as-
deposited sample and samples annealed at different temperatures up to 650 ○C.
(b) GIXRD patterns of the TiN/(14- or 22 nm-thick) HZO/TiN stack annealed at
650 ○C.

phases are expected to be predominant over the investigated range of
annealing temperature. The phase distribution is, however, depen-
dent upon the annealing temperature. Finally, it is worth mention-
ing that the thermal annealing duration of 60 s was selected after a
result (not shown here), where no difference in the diffraction pat-
tern was evidenced for a 30 and 120 s thermal annealing duration
at 550 ○C.

Figure 3(b) presents the GIXRD patterns for HZO films with
two thicknesses of 14 and 22 nm, both annealed for 60 s at 650 ○C
under nitrogen atmosphere. For the 22 nm-thick HZO film,
the as-deposited film turned to be amorphous too. It can
be seen that after annealing at 650 ○C, the monoclinic and
orthorhombic/tetragonal HZO phases appear in the 22 nm-thick
film, similar to the 14 nm-thick film. Interestingly, the rela-
tive peak intensity of the orthorhombic/tetragonal to monoclinic
phases is higher in the case of the thicker film, which is con-
firmed by the higher dielectric constant for the thicker film
(the dielectric constant of the o-phase is 4028,29 and m-phase
is 18.930).
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2. XRD analysis of the crystallization of HZO films
under in situ thermal annealing

The results presented in Fig. 3 strongly suggest the formation
of the HZO orthorhombic phase following rapid thermal annealing.
However, the corresponding diffraction peak observed around 2θ
= 30.4○ might also be referred to as the tetragonal phase. In order
to properly identify the respective contributions of the orthorhom-
bic and tetragonal phases to this diffraction peak, XRD analysis was
performed in an in situ manner by limiting the θ–2θ scans to the
area of interest. The diffractometer coupled to an Anton Paar heat-
ing stage had the capability of exposing the sample to in situ thermal
annealing from room temperature up to 900 ○C under a nitrogen
atmosphere while collecting an XRD pattern every 25 ○C step. In this
way, the diffraction angle-temperature map was designed.

Figure 4 presents the XRD patterns plotted within a 2θ-
annealing temperature map for the as-deposited and annealed
TiN/22 nm-thick HZO/TiN stack. The 2θ angle was limited to the
30○–33○ range to focus on the evolution of the orthorhombic and
tetragonal phases as a function of the annealing temperature. The
as-deposited HZO film is found to be amorphous and starts to crys-
tallize at around 370 ○C. Moreover, the occurrence of two distinct
diffraction peaks upon thermal annealing is revealed and is likely
related to the Pbc21 orthorhombic phase [(011) reflection] and the
P42nmc tetragonal phase [(111) reflection], respectively. More pre-
cisely, Fig. 5 presents an XRD pattern extracted from Fig. 4 at an
annealing temperature of 650 ○C. It is shown that two well iden-
tified diffraction peaks occur at 2θ = 30.25○ and at 2θ = 30.5○,
which are attributed to the orthorhombic and tetragonal phases,
respectively. As direct evidence of the existence of the orthorhom-
bic phase in HZO film, this result allows us to access the monoclinic
and orthorhombic/tetragonal phase co-existence that is reported as
being crucial for inducing ferroelectricity in HfO2 thin films.31,32

This result further suggests that the diffraction peak reported in

FIG. 5. XRD pattern of the TiN/22 nm-thick HZO/TiN stack annealed at 650 ○C
under a nitrogen atmosphere.

Fig. 3 around 2θ = 30.4○ is the combination of two distinct peaks
with a major contribution of the orthorhombic phase as compared to
the tetragonal phase, which is a prerequisite to the occurrence of fer-
roelectricity in HZO films.33 The existence of the non-ferroelectric
tetragonal phase is not detrimental since the ferroelectric behavior
was evidenced in HZO films, where the tetragonal and orthorhombic
phases co-existed.34

Figure 4(a) also shows that both the diffraction peaks related to
the orthorhombic and tetragonal phases pop up at 370 ○C, which
likely represents the start of film crystallization. At this temper-
ature, the HZO crystallite formation process with the metastable

FIG. 4. XRD patterns of the TiN/22 nm-thick HZO/TiN stack at different in situ thermal annealing temperatures in the range of 30–900 ○C under a nitrogen atmosphere
during (a) heating and (b) cooling down.
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orthorhombic/tetragonal phases begins. However, the Curie tem-
perature of ferroelectric HfO2 is believed to be in the range of
400–500 ○C.15 The onset of the crystallization of the orthorhombic
phase at lower temperature might be explained by the presence of
Zr since ZrO2 has a lower Curie temperature.28 As the annealing
temperature increases beyond 370 ○C, the intensity of both peaks
remains stable up to 900 ○C, suggesting that no transition to the
monoclinic phase occurs.

Figure 4(b) shows the evolution of the XRD pattern during
cooling down of the TiN/22 nm-thick HZO/TiN stack from 900 ○C
to room temperature. It can be seen that the two diffraction peaks
related to the orthorhombic and tetragonal phases persist down to
room temperature with only a small decrease in intensity. This sta-
bility suggests that the orthorhombic phase does not disappear dur-
ing cooling down and that no phase transition to the monoclinic
phase is observed.

In summary, the in situ XRD analysis of the crystallization
process of the 22 nm-thick HZO film upon thermal annealing
under a nitrogen atmosphere exhibits three interesting results. First,
the amorphous HZO film starts to crystallize in the orthorhom-
bic/tetragonal phases at a low annealing temperature of 370 ○C. The
intensities of the corresponding diffraction peaks do not show any
noticeable increase up to 900 ○C. Second, the orthorhombic related
diffraction peak persists during the cooling down to room temper-
ature. Third, the crystallization of HZO films in the orthorhombic
phase can be achieved through a standard thermal annealing pro-
cess, whereas most of the results reported on the crystallization of
HfO2-based materials show that rapid thermal annealing23,35,36 must
be used in order to stabilize the orthorhombic phase.

FIG. 6. TEM image of the TiN/22 nm-thick HZO/TiN stack evidencing crystallites
with ∼10 nm diameter.

Finally, TEM analysis was performed on the TiN/22 nm-thick
HZO/TiN stack annealed at 650 ○C in order to get an insight into the
crystallinity of the HZO film and its interfaces with the TiN. Figure 6
shows a highly uniform HZO film with no inter-layers between the
HZO and TiN electrodes. Moreover, the formation of crystallites
with a typical diameter of about 10 nm is observed.

C. Electrical characterizations
1. Current–voltage characteristics

In this section, I–V characteristics were determined on the
TiN/HZO/TiN stacks to ensure the absence of important leakage
current that might hinder the observation of HZO film ferroelec-
tric behavior. Indeed, high leakage current can prevent the buildup
of electric field across the Metal-Insulator-Metal (MIM) structure,
resulting in very poor dielectric polarization of the HZO layer. In
addition, it was shown that the leakage current density across HZO
layers is strongly influenced by the process conditions.37 Hence, in
this work, I–V characteristics were used to screen the leaky devices
across the sample batch that was fabricated.

Figure 7 shows the I–V characteristic of the TiN/HZO
(14 nm)/TiN stack annealed at 650 ○C for 1 min. It shows a cur-
rent density of ∼2 × 10−7 A/cm2 at 0.7 V, which is in accordance
with the reported values for sputtered HZO23,38 and even better than
the values obtained on co-sputtered HZO annealed under N2.23 The
annealing at 650 ○C showed the best values of leakage current com-
pared to the other annealing temperature used in this study. We
believe that these superior electrical results are due to the enhanced
density of the HZO films, thanks to the high power applied to
the HZO target (400 W) during film deposition.39 An additional
annealing of HZO films under an oxygen atmosphere could reduce
the leakage current by reducing the number of defects within the
films.23

FIG. 7. Current–voltage characteristic of the TiN/HZO(14 nm)/TiN stack annealed
at 650 ○C for 1 min.
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FIG. 8. Relative dielectric constant vs voltage for TiN/HZO(14 nm)/TiN stack
annealed during 1 min at 650 ○C under N2.

IV. CAPACITANCE–VOLTAGE CHARACTERISTICS
C–V characteristics were determined on the Ti/HZO (14 nm)/

TiN stacks, which showed an orthorhombic HZO phase in order
to investigate the ferroelectric behavior of the HZO layer. Indeed,
besides the well-known polarization–electric field hysteresis (P–E)
plot, the so-called butterfly-shaped C–V plot is also used to evi-
dence the ferroelectric behavior.7,21,23,24,28 Figure 8 shows the dielec-
tric constant vs voltage plot extracted from the experimental C–V
data of the 14 nm-thick HZO layer. A butterfly-shaped C–V plot
usually attributed to the ferroelectric polarization is obtained at posi-
tive and negative polarization once the coercive field is reached. This
result is consistent with the structural analysis obtained in the previ-
ous sections. Indeed, the butterfly shape shown in Fig. 8 is correlated
with the occurrence of the orthorhombic/tetragonal phases after the
annealing of the TiN/HZO/TiN stack at 650 ○C. The values of the
dielectric constant εr in the range of 30–45 are in agreement with the
published data for HZO layers obtained by ALD or sputtering.21,40

However, it is noteworthy that the obtained dielectric constants
of the single-target sputtered HZO are somewhat higher than those
reported for co-sputtering HZO layers. This can be related to the
difference in the fraction of tetragonal and orthorhombic phases.
Indeed, the dielectric constant of the HZO tetragonal phase is 70,30

whereas that of the orthorhombic phase is 40.28,29

V. CONCLUSION
In this work, the chemical composition and structural and elec-

trical properties of HZO single target sputtered thin films were stud-
ied in order to investigate their ferroelectric behavior. First, XPS
analysis showed the same chemical composition of the deposited
HZO in different conditions, which represents a major advent
of the single-target sputtering combined with a high deposition
rate. Second, the structural signature of ferroelectric HZO, i.e., the
orthorhombic/tetragonal phase, was evidenced by GIXRD on HZO
films exposed to rapid thermal annealing and, more interestingly,

also on HZO films exposed to slow and dynamic thermal anneal-
ing at temperatures ramped from 370 to 900 ○C under a N2 atmo-
sphere. Indeed, in situ XRD analysis performed during the increase
in temperature showed the apparition of the HZO orthorhombic
phase at 370 ○C that persisted up to 900 ○C and also during cooling
down to room temperature. Third, the low leakage current den-
sity obtained for 14 nm thick HZO confirmed the good electric
nature of the films, which is a prerequisite to ferroelectricity. Finally,
capacitance–voltage cycles showed butterfly-shaped curves, which
gives a strong indication of the ferroelectric behavior and which
is consistent with the structural analysis that evidenced the HZO
orthorhombic phase.
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