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ABSTRACT

The impact of the high-power impulse magnetron sputtering (HiPIMS) pulse width on the crystallization, microstructure, and ferroelectric
properties of undoped HfO2 films is investigated. HfO2 films were sputtered from a hafnium metal target in an Ar/O2 atmosphere, varying
the instantaneous power density by changing the HiPIMS pulse width with fixed time-averaged power and pulse frequency. The pulse width
is shown to affect the ion-to-neutral ratio in the depositing species with the shortest pulse durations leading to the highest ion fraction.
In situ x-ray diffraction measurements during crystallization demonstrate that the HiPIMS pulse width impacts nucleation and phase forma-
tion, with an intermediate pulse width of 110 μs stabilizing the ferroelectric phase over the widest temperature range. Although the pulse
width impacts the grain size with the lowest pulse width resulting in the largest grain size, the grain size does not strongly correlate with the
phase content or ferroelectric behavior in these films. These results suggest that precise control over the energetics of the depositing species
may be beneficial for forming the ferroelectric phase in this material.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003307

I. INTRODUCTION

Since the first report of ferroelectricity in SiO2-doped hafnium
oxide (HfO2) thin films in 2011,1 interest in this material has grown
for several microelectronic applications. In particular, ferroelectric
HfO2 is a promising candidate for nonvolatile memory devices like
ferroelectric random-access memory because it is thermodynamically
compatible with silicon2 and has the potential to overcome some of
the limitations of existing nonvolatile memory, such as limited
scaling and high-power consumption. Atomic layer deposition
(ALD) is the most widely used technique for the fabrication of
HfO2-based thin films, although chemical solution deposition,
pulsed laser deposition (PLD), and sputtering have also been

explored.3 In comparison with ALD, sputter deposition offers a

wider range of processing parameters that can be used to tailor film

properties. Still, conventional sputter techniques have limited means

to control the energy of the depositing species, so techniques like

high-power impulse magnetron sputtering (HiPIMS) that have a

wider processing space merit exploration for the deposition of ferro-

electric HfO2-based thin films.
HiPIMS is a physical vapor deposition (PVD) technique in

which low duty cycle pulses (<5% duty cycle) are applied to a

sputter target to produce dense plasmas with a high degree of sput-

tered atom ionization.4,5 This ionization can be controlled by

varying pulse parameters such as pulse width, frequency, and
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voltage. The high degree of sputtered atom ionization and the
resulting ion bombardment during deposition enables access to
regions of the structure zone diagram where equiaxed nanocrystal-
line microstructures result, whereas traditional sputtering tech-
niques are restricted to lower energy regions of the structure zone
model and, thus, are limited in their ability to control microstruc-
tural features, such as the grain size.6 As an example, CrN films
prepared by DC sputtering have a porous columnar morphology,
while HiPIMS results in a uniform, dense, equiaxed nanocrystalline
structure.7 Control over the microstructure may be beneficial for
HfO2 thin films where the grain size has been linked to the stability
of the ferroelectric phase, with the ferroelectric orthorhombic
phase (space group Pca21) stabilized by intermediate grain size in
comparison with the tetragonal (space group P42/nmc) and mono-
clinic (space group P21/c) phases.

8,9 In addition to the pulse param-
eters, background pressure and gas atmosphere can be controlled
during HiPIMS; these parameters can be utilized to tailor the ion
energy and flux of the depositing species, thus providing additional
control over the film’s microstructure and properties in comparison
with conventional ALD and PVD processes.

In this work, the effect of the HiPIMS pulse width on the
phase nucleation, crystallization, microstructure, and ferroelectric
properties will be explored. By varying the HiPIMS pulse width,
different instantaneous power densities and positive ion-to-neutral
ratios are obtained. To assess the effects of this parameter on crys-
tallization behavior and phase stability, in situ x-ray diffraction
(XRD) patterns are measured and compared to grazing-incidence
XRD measurements of films that underwent a rapid thermal anneal
(RTA). In order to maximize the signal for the in situ XRD mea-
surements, a film thickness of 20 nm is chosen for HfO2. The
microstructure is examined by taking plan-view scanning electron
microscopy (SEM) images and atomic force microscopy (AFM)
images. While differences in the grain size between films are
observed, these differences cannot account for the changes in phase
formation and ferroelectric properties that are measured for the dif-
ferent pulse widths.

II. EXPERIMENT

A. Deposition parameters

20 nm thick HfO2 films were deposited on 100 nm thick TaN
films on (001)-oriented p-type silicon substrates. The TaN was
deposited via pulsed DC-magnetron sputtering in a Denton
Discovery 550 system (30 kHz, 4 μs reverse time) from a TaN target.
HfO2 films were sputtered from a 50mm diameter hafnium metal
target of 99.9% purity (excluding zirconium impurities) as described
in previous work.10 A Starfire Impulse HiPIMS power module and
DC power supply were used for HiPIMS depositions. HiPIMS pulses
ranged from 50 to 140 μs in width, at a frequency of 200 Hz. After
each negative high-power pulse, a +100V, 200 μs pulse was applied
to the target. The HfO2 films were sputtered in a reactive environ-
ment with argon and O2 gases. A gas flow of 15.00 SCCM of argon
and varying O2 flow rates were used with a constant background
pressure of 5mTorr. The substrate platen was grounded, not inten-
tionally heated, and rotated during the depositions.

Following deposition, one set of films was left as-deposited for
in situ high-temperature XRD measurements, while another set of

films was annealed at 800 °C for 30 s in an argon atmosphere
(99.999% purity) using an Allwin 21, Heatwave AW 610 rapid
thermal processor. The ramp rate was 66.7 °C/s. Last, circular elec-
trodes consisting of 20 nm of titanium nitride and 50 nm of palla-
dium were DC-magnetron sputtered through a shadow mask to
create a capacitor structure for electrical measurements. Further
details are provided in previous work.10

B. Characterization

The HiPIMS waveforms were extracted from an oscilloscope
connected to the voltage and current monitor outputs of the
Starfire Impulse module in order to measure the instantaneous
voltage and currents during the deposition. Positive ion-to-neutral
ratios were measured using the quartz crystal microbalance on an
Impedans Quantum Retarding Field Ion Energy Analyzer with grid
potentials varied to first block electrons and negative ions from
reaching the sensor and then all ions by increasing the positive grid
bias to 150 V. By taking the ratio of the deposition rates with and
without ions, the positive ion-to-neutral ratio was calculated.

X-ray photoelectron spectroscopy (XPS) spectra were mea-
sured with a Scienta Omicron Multiprobe MXPS system with an
XM1200 monochromator. Monochromatic Al Kα (hν = 1486.6 eV)
radiation was used to acquire the spectra. Survey spectra were mea-
sured with a pass energy of 100 eV, while core level spectra were
measured with a pass energy of 25 eV and energy steps of 0.05 eV.
KolXPD software was used to analyze the data.11 A Shirley back-
ground was chosen, and Voigt functions were used to fit core
levels.12 The peak areas for each core level were corrected using
cross sections provided by Scofield.13 Then, the stoichiometries of
the films were calculated by taking the ratio of the corrected area of
the O 1s peak attributed to lattice Hf–O bonding to the corrected
areas of the Hf 4f5/2 and Hf 4f7/2 peaks.

A Rigaku Smartlab x-ray diffractometer with Cu Kα radiation
in a parallel beam configuration was used for in-plane XRD mea-
surements and out-of-plane grazing-incidence x-ray diffraction
(GIXRD) measurements with a fixed incident angle of 0.7°. The 2θ
range of 26°–33° used for these measurements includes 100% inten-
sity reflections of the monoclinic P21/c phase, tetragonal P42/nmc
phase, antipolar orthorhombic Pbca phase, and orthorhombic Pca21
phase. Scherrer’s equation14 was used to calculate the crystallite size
following correction for instrumental broadening effects using
Standard Reference Material® 660c lanthanum hexaboride powder
from the National Institute of Standards and Technology.15 In situ
high-temperature XRD measurements were used to assess phase evo-
lution during crystallization. These measurements were made on a
PANalytical Empyrean x-ray diffractometer with Cu Kα radiation in a
Bragg–Brentano geometry with a linear detector and an Anton Paar
HTK1200 high-temperature stage. Similar to prior studies of the crys-
tallization of HfO2-based thin films,16,17 the samples were heated at a
rate of 2 °C/min from 25 to 1000 °C in a nitrogen environment, and
diffraction patterns were collected every 6 °C.

Electrical characterization was performed after field cycling at
1 kHz with 5000 3MV/cm square waves. P(E) measurements with
a period of 10 ms (100 Hz equivalent frequency) were made on a
Radiant Technologies Precision LC II Ferroelectric Property
Analyzer.
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To analyze the microstructure of the films, SEM and AFM
were used. Plan-view SEM images were acquired in an FEI Helios
UC G4 microscope in the secondary electron mode with a
through-the-lens detector. The accelerating voltage was 2.00 kV, the
beam current was 0.1 nA, the dwell time was 15 μs, and the
working distance was 2.3 mm. Topographic AFM images were
obtained in an Oxford Instruments Asylum Research Cypher-S
instrument in the AC tapping mode equipped with NanoSensor
PPP-NCHR-10 probes with a resonance frequency of 190 kHz.

III. RESULTS AND DISCUSSION

A. HiPIMS conditions

Four 20 nm thick HfO2 films were deposited via HiPIMS with
pulse widths of 50, 80, 110, and 140 μs with corresponding instan-
taneous power densities of 1023–568W/cm2, as shown in Table I.
The instantaneous powers were calculated using HiPIMS voltage
and current waveforms. For all pulse width conditions, these wave-
forms were monitored to avoid the target poisoning regime in
which the current sharply increases without saturating. Target poi-
soning should be avoided as it affects the sputter yield and second-
ary electron emission yield.18,19 As the pulse width was decreased,
the pulse voltage and current increased since the time-averaged
power was kept constant at 200W. Thus, the 50 μs pulse width had
the highest instantaneous power of 1023W/cm2. Previous work has
shown that the properties of HfO2 thin films are highly sensitive to
the oxygen content, and small changes in the plasma oxygen
content during HiPIMS deposition can produce large differences in
the film oxygen content.10 Thus, it was important to ensure that
the oxygen content in the films was controlled so that the effects of
the HiPIMS pulse width could be evaluated in isolation. For each
pulse width, a different oxygen flow rate was chosen so that the
films would have a similar oxygen content. A lower plasma oxygen
content was chosen for lower pulse widths to avoid target poisoning
since target poisoning occurs during the “off state” of the plasma,
and shorter pulses have longer off times.20,21 XPS measurements
were performed to assess the oxygen content in the films after crys-
tallization, and the stoichiometries are shown in Table I. The Hf 4f
and O 1s core levels that were fit to obtain these compositions are
shown in Fig. 1. The O 1s spectra consist of two peaks: one at
approximately 531 eV resulting from lattice oxygen, and the other
at approximately 533 eV resulting from adventitious hydroxyls and

water adsorbed on the surface of the film under ambient condi-
tions. Only the O 1s signal resulting from lattice oxygen was used
in the composition calculations. No Hf3+ signature that would be
present on the low binding energy side of the Hf 4f7/2 peak is
evident in these spectra.22 The absence of an Hf3+ signal indicates
that there is not a significant fraction of charged vacancies in these
films, although the films are oxygen deficient according to the cal-
culations of the film oxygen content. This result is consistent with
prior measurements on HiPIMS-prepared hafnia films.10

The positive ion-to-neutral ratio measured during the deposi-
tion for each HiPIMS pulse width is shown in Fig. 2. Previous
studies have shown that shorter HiPIMS pulse widths result in
higher ionization fractions.23,24 Similarly, here, it is demonstrated
that the shortest pulse width of 50 μs results in the highest positive
ion-to-neutral ratio of 0.73. A nearly linear decrease leading to a
reduction in the ion-to-neutral ratio by nearly a factor of two is
observed as the pulse width increases, and the 140 μs sample has
the lowest ratio of 0.39. The measurements confirm that a shorter
pulse width, which corresponds to a higher instantaneous power,
results in a larger fraction of positive ions in the plasma. Since each
negative pulse is followed by a 100 V positive pulse, a lower pulse
width with a larger fraction of positive ions would result in an
increase in the number of ions bombarding the growing film as the
100 V pulse provides a stimulus to drive positive ions toward the
substrate.

TABLE I. Pulse width, pulse frequency, and plasma oxygen content used for the
deposition of the HfO2 films, and the resulting instantaneous power and film oxygen
content measured by XPS.

Pulse
width
(μs)

Pulse
frequency

(Hz)

Instantaneous
power density

(W/cm2)

Plasma
oxygen
content
(%)

Film oxygen
content

(x in HfOx)

50 200 1023 7.1 1.48
80 200 696 7.6 1.61
110 200 602 7.6 1.52
140 200 568 8.8 1.44

FIG. 1. Hf 4f and O 1s XPS spectra for the HfO2 films deposited with 50, 80,
110, and 140 μs pulse widths. The spectra were fit using KolXPD software.
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B. X-ray diffraction characterization

To assess the impact of the HiPIMS pulse width on the struc-
tural evolution of HfO2 thin films, in situ high-temperature XRD
measurements were performed. Figure 3 shows the in situ high-
temperature x-ray diffraction patterns for the films that are amor-
phous as deposited. All of the films begin to crystallize at around
500 °C. For the 50 and 80 μs samples, the formation of the polar
orthorhombic (111), antipolar orthorhombic (211), and/or tetrago-
nal (101) peaks occurs at approximately 500 °C along with the for-
mation of the monoclinic (�111) peak. The crystallization
temperature of the monoclinic phase in these samples differs from
that of the 110 μs sample in which the monoclinic phase does not
begin to crystallize until much higher temperatures. Once again,
for the 140 μs sample, the crystallization of the monoclinic phase

occurs at a similar temperature to that of the orthorhombic and/or
tetragonal phase. In addition, the orthorhombic and/or tetragonal
phases are stable from 500 to 900 °C for the films deposited with
110 and 140 μs pulse widths, while these phases are only stable
from 500 to 800 °C for films deposited with 50 and 80 μs pulse
widths. Although the film oxygen content does not vary within
experimental error between the films, the presence of oxygen impu-
rities in the nitrogen gas, desorption from the furnace insulation,
and desorption from the alumina sample stage and sample holder
during these measurements likely eliminated any differences in the
original oxygen content within the films and made them less
oxygen deficient. Therefore, the differences in crystallization
between samples cannot be attributed to variations in the oxygen
content. These results demonstrate that phase formation is being
impacted by the HiPIMS pulse width. However, it should be noted
that the rate of heating used for these experiments (2 °C/min) is
significantly slower than a typical rapid thermal anneal process to
account for the XRD acquisition time.

The crystallization behavior observed in the in situ XRD
experiment was compared to films that underwent RTA that is
more typically used to crystallize ferroelectric HfO2 thin films.
Figure 4 shows the GIXRD patterns for identical films that have
undergone rapid thermal annealing at 800 °C with a heating rate of
67 °C/s. The relative orthorhombic + tetragonal (o + t) phase frac-
tions are approximated by fitting the GIXRD patterns using
LIPRAS fitting software25 and taking the ratio of the integrated
peak intensity of the orthorhombic + tetragonal peak to the inte-
grated intensity sum of all three peaks. The peak intensity ratio is
used to approximate the phase fraction because the structure factors
and multiplicities of these families of reflections for these phases are
comparable. This approximation also assumes that there are no sig-
nificant preferred orientation effects. The 50 μs film has the smallest
fraction of the orthorhombic + tetragonal phase (0.33 ± 0.07) and
predominantly consists of the monoclinic phase. The 80 μs film
contains more orthorhombic/tetragonal phase (0.51 ± 0.04) but still
has a significant fraction of the monoclinic phase. The 110 μs

FIG. 2. Positive ion-to-neutral ratio calculated from the deposition rates of posi-
tive ions + neutrals to neutrals alone.

FIG. 3. In situ high-temperature XRD measurements of films deposited with (a) 50, (b) 80, (c) 110, and (d) 140 μs pulse widths. Similar crystallization behavior is observed
for the 50, 80, and 140 μs samples, while a significantly higher crystallization temperature of the monoclinic phase (∼850 °C) is noted for the 110 μs sample.
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sample has the highest fraction of the orthorhombic + tetragonal
phase (0.94 ± 0.03), and together with the 140 μs sample, these films
primarily consist of the orthorhombic and/or tetragonal phases.

It has been reported that the heating rate used during anneal-
ing can significantly affect the phases that form in HfO2 thin films,
with greater fractions of the monoclinic phase forming at 10 °C/s
than at 66 °C/s;26 however, in this case, these results are consistent
with the in situ diffraction measurements shown above. The lower
pulse widths result in large fractions of the monoclinic phase, while
the 110 μs pulse width has the highest fraction of metastable
phases. Similarly, in the in situ diffraction measurements, the
monoclinic phase dominates at the temperature used for the rapid
thermal anneal (800 °C) for the lower pulse width, whereas the
o + t phase dominates for the 110 μs sample. The similar results
obtained through drastically different heating rates provide addi-
tional evidence that the HiPIMS pulse width is impacting nucle-
ation and is an important variable to consider when tailoring
deposition conditions to obtain phase-pure films.

C. Electrical characterization

In order to assess how the pulse width and phase content affect
ferroelectric properties, the polarization-electric field responses of the
films after field cycling with 5000 3.0MV/cm 1 kHz square waves
were measured and are shown in Fig. 5. At the lower pulse widths of
50 and 80 μs, the hysteresis loops open very little and have remanent

polarization (Pr) values of 1.9 and 3.6 μC/cm2, respectively. The low
Pr values can be explained by the dominating linear dielectric
response of the significant fraction of the monoclinic phase in these
films. At the higher pulse widths, however, the hysteresis loops are
more open and exhibit a polarization response typical of the ferro-
electric orthorhombic phase. The 110 μs film has the largest hysteretic
response, with a Pr of 9.4 μC/cm

2, which correlates with the large
fraction of the orthorhombic phase observed in the GIXRD measure-
ments. The 140 μs film has the second largest Pr of 4.4 μC/cm2.
Combined with the XRD results, these measurements suggest that the
110 μs pulse width condition results in the highest fraction of the fer-
roelectric phase in these films.

D. Crystallite size and microstructure

To determine whether the difference in polarization hysteresis
behavior is linked to microstructure, the crystallite size and grain
sizes of the films were evaluated through analysis of XRD data,
SEM images, and AFM images. In-plane XRD measurements were
performed so that the crystallite sizes could be further assessed,
and the patterns are shown in Fig. 6. The crystallite sizes calculated
using Scherrer’s equation from out-of-plane and in-plane XRD
measurements are shown in Fig. 7. Both out-of-plane and in-plane
measurements show that the pulse width has an effect on the crys-
tallite size. The 50 μs sample had the lowest in-plane and
out-of-plane crystallite sizes. It should be noted that the

FIG. 4. (a) GIXRD patterns for films
deposited with 50, 80, 110, and 140 μs
pulse widths, rapid thermal annealed at
800 °C, and the (b) relative o + t phase
fractions calculated from the GIXRD
measurements.

FIG. 5. Nested polarization hysteresis
measurements after field cycling for
the samples deposited with (a) 50, (b)
80, (c) 110, and (d) 140 μs pulse
widths.
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orthorhombic + tetragonal peak was used for these calculations,
and this sample had the lowest fraction of the o + t phase and a
lower signal-to-noise than the other films, which should result in
smaller crystallite sizes. The other three pulse widths, 80, 110, and
140 μs, have more similar crystallite sizes from approximately 13–
15 nm, with virtually no difference between the in-plane and
out-of-plane dimensions.

The microstructure of the films was examined using plan-view
SEM with images shown in Fig. S1 in the supplementary material.31

Due to the small grain sizes and rapid carbon contamination of the
samples under the electron beam, the resolution of the images is
limited. Thus, AC mode AFM images were collected and are shown
in Fig. 8. To quantify the lateral grain sizes, the lineal-intercept pro-
cedure was used,27 and the mean intercept length is reported in
Fig. 9, with error bars representing 95% confidence intervals. The
intercept length is used as a proxy for the grain size in this work.
The 50 μs sample has the largest grain sizes of 21.3 ± 0.8 nm. The
80, 110, and 140 μs samples have grain sizes of 17.9 ± 0.9,
17.3 ± 1.0, and 17.4 ± 1.4 nm, respectively. Although a small differ-
ence in the microstructure for the 50 μs sample was observed,
overall, no clear trend could be established between the pulse
width, grain size, phase, and electrical properties. More specifically,
equivalent grain sizes were observed for the 80, 110, and 140 μs
samples even though these samples had differences in the phase
composition and electrical properties.

E. Discussion

In this work, it has been shown that varying the HiPIMS
pulse width affects the phases that are formed during annealing.
This effect does not appear to be tied to the microstructure since

the grain size was shown to be relatively invariant. Therefore, a dif-
ferent aspect of the HiPIMS pulse width must be responsible. As
previously mentioned, the positive ion-to-neutral ratio was
inversely correlated to the pulse width. During these depositions, a
positive pulse was applied after the negative pulse. This positive

FIG. 6. In-plane XRD patterns for films deposited with 50, 80, 110, and 140 μs
pulse widths.

FIG. 8. AFM topography images of films deposited with (a) 50, (b) 80, (c) 110,
and (d) 140 μs pulse widths.

FIG. 7. Crystallite size calculated from in-plane and out-of-plane XRD
measurements.
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pulse will have the largest effect on plasmas with higher fractions of
positive ions, resulting in greater ion bombardment of positive ions
for lower pulse widths. It is hypothesized that these differences in
ion bombardment affect the short-range order of the amorphous
films through parameters like coordination and bonding environ-
ment, thereby affecting the nucleation behavior. Then, upon
annealing, different phases are formed. Similar effects were
observed in vanadium oxide films deposited with different PLD
conditions—using grazing-incidence total x-ray scattering and pair
distribution functions, the authors observed different local, short-
range structures in the amorphous films of vanadium oxide depos-
ited with different laser repetition rates. It was found that the start-
ing amorphous structure influenced the phases that crystallized.28

Additionally, different TiO2 polymorphs were observed for films
crystallized from deposits prepared under different PLD repetition
rates and oxygen background pressures. The authors hypothesized
that the residual strain in the amorphous deposit affected the local
energy and nucleation kinetics.29

A similar phenomenon has also been observed in hafnium zir-
conium oxide films deposited by reactive RF magnetron sputtering
with different working pressures in order to vary the energy of the
incident species.30 In this work, Bouaziz et al. demonstrated that a
film deposited with high working pressure (low incident energy)
contained more ferroelectric orthorhombic phase than a corre-
sponding sample deposited with a low working pressure (high inci-
dent energy), which only contained the monoclinic phase. The
authors suggested that this is because the high working pressure
results in a structure closer to the amorphous phase present in
ALD-processed films. Likewise, in the work presented here, the
film deposited with the highest incident energy (50 μs pulse width)
had the highest fraction of the monoclinic phase. For metastable
polymorphs like the polar orthorhombic phase in HfO2, it is

difficult to understand not only how the phase forms but also what
approach(es) to use to stabilize it. These results suggest that con-
trolling the short-range order in the amorphous structure via ion
bombardment may enable the control of the phases that form and
indicate a potential pathway for future study to prepare phase-pure
ferroelectric hafnia.

IV. CONCLUSIONS

The effect of the HiPIMS pulse width on the nucleation, phase
formation, microstructure, and ferroelectric properties of HfO2

films deposited by HiPIMS has been demonstrated. In situ HTXRD
measurements showed that the pulse width affects the nucleation
temperatures of the phases in addition to phase stability. The
heating rate did not have a significant impact on the crystallization
of these films, although the heating rate has been shown to influ-
ence crystallization in ALD films. Differences in phase constitution
were shown as the HiPIMS pulse width was varied, with the lowest
pulse width, 50 μs, resulting in the largest fraction of the mono-
clinic phase present in these films. Although this sample had the
largest average grain size of 21.3 ± 0.8 nm, the grain size was not
shown to correlate with electrical properties. This is evident
because the films deposited with 80, 110, and 140 μs pulse widths
had similar grain sizes, but the 110 μs pulse width sample had a
higher fraction of the o + t phases and a larger remanent polariza-
tion. These results demonstrate that while the HiPIMS pulse width
does not significantly alter the microstructure that forms after high-
temperature annealing, it has the ability to significantly affect the
phases that form and the stability of these phases. It is hypothesized
that the differences in ion bombardment with varying pulse widths
drive changes in the short-range order of the amorphous film,
which affects phase nucleation. Control of phase formation via a
local structure in the amorphous state can, therefore, be used to
fabricate HfO2-based films with larger ferroelectric orthorhombic
phase fractions and improved performance.
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