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. Introduction 

Since the first report of ferroelectricity in hafnium oxide (HfO 2 ) 

oped with SiO 2 in 2011 [1] , significant research efforts have been 

irected toward understanding the switchable spontaneous polar- 

zation in this material. HfO 2 is chemically compatible with sili- 

on [2] , is currently used as a high- κ dielectric in complementary 

etal oxide semiconductor (CMOS) devices [3] , and in the ferro- 

lectric phase is not susceptible to the thickness scaling effects 

hat impose application limitations on traditional ferroelectrics 

 4 , 5 ]. Thus, this material presents opportunities for technological 

evelopments in devices, such as renewed scaling of ferroelectric 

andom access memory (FeRAM), ferroelectric field effect transis- 

ors (FeFETS), and new devices such as ferroelectric tunnel junc- 

ions (FTJs) that previously required epitaxial growth. 
∗ Corresponding author. 

E-mail addresses: stj6ze@virginia.edu (S.T. Jaszewski), jfi4n@virginia.edu (J.F. Ih- 

efeld) . 
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The wide-scale adoption of ferroelectric HfO 2 into devices is 

onstrained, in part, by an inability to prepare phase-pure films. 

n equilibrium at room temperature and atmospheric pressure, 

fO 2 exists in the nonpolar monoclinic P 2 1 /c phase. Multiple 

etastable phases exist, including an orthorhombic Pca 2 1 phase 

nd a tetragonal P 4 2 / nmc phase, which can be stabilized by vari-

us factors. Ferroelectricity in HfO 2 has been attributed to the non- 

entrosymmetric Pca 2 1 orthorhombic phase. [6] The factors that 

ave been shown to impact phase constitution include dopant type 

nd concentration [6–10] , biaxial stress [11] , oxygen vacancies [12] , 

nd film thickness or grain size [ 13 , 14 ]. 

The majority of research on ferroelectric HfO 2 thus far has uti- 

ized atomic layer deposition (ALD) for film preparation. These 

lms are typically amorphous as deposited and must be annealed 

t an elevated temperature to form the ferroelectric phase. The 

tochastic nature of nucleation results in films with a broad grain 

ize distribution [15] and are typically multi-phase. Because con- 

entional thermal ALD has few adjustable parameters, controlling 

icrostructure using this method is difficult. Additionally, most 

LD films possess carbon impurities from residual precursor lig- 

https://doi.org/10.1016/j.actamat.2022.118220
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.118220&domain=pdf
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nds, which may affect the ferroelectric properties [16–18] . There- 

ore, physical vapor deposition (PVD) methods, which offer greater 

reedom in engineering deposition conditions, are promising can- 

idates for the preparation of ferroelectric HfO 2 . To date, several 

eports on the PVD of HfO 2 have been made. Olsen et al. reported 

erroelectricity in Y-doped HfO 2 prepared by co-sputtering from 

fO 2 and Y 2 O 3 sources via radio frequency (rf) sputtering [19] , 

ittmann et al. demonstrated ferroelectricity in undoped HfO 2 

lms varying in thickness from 8 to 40 nm deposited by rf sput- 

ering from a ceramic target [20] , Mimura et al. observed ferro- 

lectricity in epitaxial and polycrystalline Y-doped HfO 2 films de- 

osited by rf sputtering at room temperature from a ceramic tar- 

et [21] , and Lee et al. prepared ferroelectric Hf 0.5 Zr 0.5 O 2 thin films

ia reactive rf sputtering from a metal target [22] . Still, these stud- 

es, among others [23–27] , leave room for exploration of this film 

reparation approach. 

A previously unexplored PVD method for ferroelectric hafnia is 

igh-Power Impulse Magnetron Sputtering (HiPIMS). HiPIMS is a 

echnique in which low duty cycle pulses ( < 5% duty cycle) are ap-

lied to the sputter target to produce dense plasmas with a high 

egree of sputtered atom ionization [28] . HiPIMS offers a number 

f controllable process parameters such as pulse power, pulse du- 

ation, background pressure, and gas atmosphere that all impact 

epositing species energy and fluence and are not accessible us- 

ng conventional ALD or PVD processes. These process parameters 

ay allow for additional control of the factors that influence the 

ucleation behavior, microstructure, and ferroelectric properties in 

fO 2 . 

One factor that appears to be particularly important for stabiliz- 

ng the ferroelectric phase in HfO 2 is grain size owing to large sur- 

ace energy contributions to the overall free energy in nanoscale 

aterials. Computational work by Materlik et al. predicted that 

he orthorhombic phase in pure HfO 2 can be stabilized by grain 

izes ranging from 3 to 5 nm, with the tetragonal (t-) and mon- 

clinic (m-) phases stabilized by smaller and larger grain sizes, 

espectively [13] . This computational prediction is supported by 

xperiments: in ALD-prepared films, degradation of the ferroelec- 

ric properties of doped HfO 2 has been observed with film thick- 

esses over 20 nm due to increasing grain size with film thick- 

ess, resulting in stabilization of the monoclinic phase [ 29 , 30 ]. 

imilarly, degradation of ferroelectric properties with film thick- 

ess was avoided in chemical solution deposited (CSD) doped HfO 2 

lms where layer-by-layer thermal treatment during the deposi- 

ion process allowed for control of the grain size as the microstruc- 

ure was equiaxed rather than columnar [ 31 , 32 ]. It should be noted

hat the film thickness dependence of ferroelectric properties was 

ot observed in Y-doped HfO 2 films deposited by pulsed laser de- 

osition with thicknesses ranging from 10 to 930 nm [33] ; how- 

ver, the crystallite sizes in those films also appeared to be on the 

rder of nanoscale. 

While grain size control appears to be a critical factor for ob- 

aining phase-pure films, another factor shown to play a signifi- 

ant role in the stability of the orthorhombic phase is the con- 

entration and distribution of oxygen vacancies [ 20 , 34 , 35 ]. First-

rinciples calculations of HfO 2 films have shown that incorporation 

f oxygen vacancies into the lattice reduces the total energy of the 

rthorhombic and tetragonal phases in comparison to the mono- 

linic phase [ 36 , 37 ]. In addition to stabilization of the orthorhom-

ic phase, oxygen vacancies have also been shown to play a role in 

he “wake-up” effect, in which the remanent polarization increases 

uring electric field cycling due to the redistribution of oxygen va- 

ancies with the applied fields [36] . 

In the present work, the relative impacts of grain size and oxy- 

en content on the phase composition and electrical properties of 

ure HfO thin films deposited by HiPIMS are studied. HiPIMS en- 
2 

2 
bles the use of a high purity hafnium metal target, which results 

n low levels of impurities compared to ALD-prepared films, for ex- 

mple. This allows for the characterization of properties without 

he ambiguity associated with dopants and contamination. Phases 

resent are characterized by X-ray diffraction (XRD) and sup- 

orted by electrical properties, including relative permittivity and 

olarization. Microstructure is examined using scanning electron 

icroscopy (SEM) and transmission electron microscopy (TEM). 

xygen stoichiometry and oxygen vacancies are characterized us- 

ng electron energy-loss spectroscopy (EELS), X-ray photoelectron 

pectroscopy (XPS), and positron annihilation spectroscopy (PAS). 

hrough these characterizations, the impact of oxygen content and 

icrostructure is decoupled, and it is shown that oxygen vacan- 

ies play a critical role in phase nucleation and phase stability in 

afnium oxide. 

. Experimental procedures 

.1. Deposition parameters 

HfO 2 films were deposited on 100 nm thick TaN bottom elec- 

rodes on (001)-oriented p -type silicon substrates. The TaN was 

repared by pulsed dc magnetron sputtering (30 kHz, 4 μs reverse 

ime) from a TaN target within a Denton Discovery 550 system and 

ad a (111)-orientation, as described in prior work [38] . Hafnium 

xide films were prepared from a 50 mm diameter hafnium metal 

arget of 99.9% purity (excluding zirconium impurities) affixed to 

 balanced magnetron sputter gun (Meivac, MAK) within a cus- 

om 460 mm diameter spherical stainless steel vacuum chamber. 

he source to substrate distance was 80 mm and the gun to sub- 

trate angle was 45 °. The load-locked chamber was evacuated us- 

ng a turbomolecular pump backed by a rotary vane pump to reach 

 base pressure of 10 −7 Torr. For HiPIMS depositions, a Starfire 

mpulse HiPIMS power module was used in conjunction with a 

c power supply to deliver square voltage pulses with a dura- 

ion of 110 μs, a frequency of 200 Hz, and a magnitude of -700 

. These parameters represent a duty cycle of 2.0% and per-pulse 

eak plasma power density of 600 W/cm 

2 . Following each nega- 

ive high-power pulse, a + 100 V positive pulse of length 200 μs 

as applied to the target. Argon was used as the sputter gas, and 

 2 gas was used as the reactive gas. Argon and O 2 gas flows were

ontrolled by electronic mass flow controllers, and the total pro- 

ess pressure was controlled by a conductance flow valve located 

n front of the turbomolecular pump. A gas flow of 15.00 sccm of 

rgon with 1.15, 1.19, 1.23, and 1.30 sccm of O 2 was used to pro-

uce oxygen concentrations in the background gas of 7.1, 7.4, 7.6, 

nd 8.0%, respectively. A constant background pressure of 5 mTorr 

as measured by a heated capacitance manometer with active PID 

eedback to the conductance flow valve. Nominally 20 nm thick 

fO 2 films were deposited. Films were continuously rotated during 

rowth to minimize thickness gradients, and the substrate platen 

as grounded. The substrate was not intentionally heated during 

eposition. 

Following deposition, one set of the films was annealed in a 

ure argon atmosphere (99.999% purity) for 30 s at 800 °C in a 

apid thermal processor (Allwin 21, Heatwave 610) with a ramp 

ate of 66.7 °C/s, while the other set was left in the as-deposited 

tate. Finally, top electrodes consisting of 20 nm of titanium nitride 

nd 50 nm of palladium were dc-magnetron sputtered through a 

hadow mask to create a capacitor structure for electrical measure- 

ents. TiN was reactively sputtered from a titanium target with a 

as atmosphere of 5 sccm of argon and 1 sccm of nitrogen, pres- 

ure of 0.9 mTorr, and dc power density of 7.40 W/cm 

2 . Palladium 

as deposited with an argon background pressure of 5 mTorr and 
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c power density of 3.31 W/cm 

2 . Circular electrode diameters were 

00 μm and areas were confirmed by optical microscopy. 

.2. Characterization 

A Rigaku Smartlab X-ray diffractometer using Cu K α radiation 

n a parallel beam configuration with a fixed incident angle of 

.7 ° was used for grazing-incidence X-ray diffraction (GIXRD) mea- 

urements to assess crystallinity and phase constitution of films in 

he as-deposited and annealed states. A 2 θ range of 26–33 ° was 

elected due to the presence of 100% intensity reflections of the 

onoclinic P 2 1 / c phase, tetragonal P 4 2 / nmc phase, and orthorhom-

ic Pca 2 1 phase in this range. Crystallite sizes calculated using 

cherrer’s equation [39] were corrected for instrumental broad- 

ning effects using Standard Reference Material® 660c lanthanum 

exaboride powder from the National Institute of Standards and 

echnology. Area detector XRD measurements were completed us- 

ng a Bruker APEXII Duo Single Crystal X-Ray diffractometer with 

 collimated Cu K α radiation source, a fixed omega angle of 15 °, 
nd an APEXII CCD area detector. Magnesium oxide powder was 

dhered to the film surface as a height reference standard. Phase 

volution during crystallization was measured using a PANalyt- 

cal Empyrean X-ray diffractometer with Cu K α radiation in a 

ragg-Brentano geometry with a linear detector and an Anton 

aar HTK1200 high temperature chamber in a nitrogen environ- 

ent. The samples were heated at a rate of 2 °C/min from 25 °C to

0 0 0 °C and diffraction patterns were collected every 6 °C, similar 

o the parameters used in prior studies of crystallization of hafnia- 

ased films [ 40 , 41 ]. 

Electrical characterization was performed on capacitor struc- 

ures for the annealed films. Polarization versus electric field ( P ( E )), 

ulsed positive up, negative down (PUND) polarization switching, 

nd relative permittivity measurements were performed. A Radi- 

nt Technologies Precision LC II Ferroelectric Property Analyzer 

as used to perform P ( E ) measurements with a period of 10 ms

100 Hz equivalent frequency) and PUND measurements with a 

 ms pulse width, 10 0 0 ms delay, and 2.5 MV/cm applied field.

he initial relative permittivities, which contains both the intrinsic 

ermittivity of the lattice and the extrinsic reversible domain wall 

ontributions of the samples, were extracted from dielectric non- 

inearity measurements conducted using a Keysight E4980A LCR 

eter with a frequency of 10 kHz and oscillator levels ranging 

rom 0.002 to 0.500 V, root mean square. Leakage current mea- 

urements were performed on a Keithley 4200A-SCS Parameter An- 

lyzer. 

Plan-view SEM images were collected using an FEI Helios UC 

4 microscope in secondary electron mode with an accelerating 

oltage of 2.00 kV, beam current of 0.1 nA, dwell time of 15 μs, 

orking distance of 2.3 mm, and a through-the-lens detector. TEM 

ross-sections were prepared using the FEI Helios dual-beam fo- 

used ion beam. Preparation started with a 30 kV gallium ion 

eam and high current that was incrementally lowered to a fi- 

al 5 kV low current setting. TEM experiments used a Thermo 

isher Scientific Themis Z-STEM operating at 200 kV equipped 

ith an Ulti-Monochromator. All energy-loss spectroscopy used 

 Gatan Imaging Filter equipped with an UltraScan CCD camera. 

nergy-loss spectra were acquired in micro-probe mode with a 

emi-convergence angle of 0.77 mrad and an acceptance angle of 

.47 mrad such that elastic contributions were minimized. The 

nergy resolution measured at the zero-loss full-width at half- 

aximum (FWHM) was 0.16 eV, providing an energy resolution 

omparable to the lifetime broadening of most core loss events. In- 

ividual spectra were acquired across a spectrum image of the film 

o reduce the dwell time in any position and minimize the possi- 

ility of beam damage. The spectrum images were then averaged 
3

o provide high signal-to-noise spectra representative of the films. 

he oxygen K-edge spectra were background subtracted using a 

ower law. Then, the spectra underwent Fourier-ratio deconvolu- 

ion using the low loss signal that was acquired simultaneously 

o the core loss spectra. This removes thickness effects and pro- 

ides single-scattered electron probabilities. Conical darkfield im- 

ges were acquired in TEM mode with a 10 μm objective aperture 

electing first-order reflections. The conical darkfield was recorded 

n a Thermo Fisher Ceta camera while the electron beam dynam- 

cally rotated around the optic-axis. Frames highlighting various 

rains of each film were then combined to aid in discriminating 

he nanometer size grains that were diffracting with similar net 

ntensity. 

XPS was performed with a Scienta Omicron Multiprobe MXPS 

ystem with an XM1200 monochromator. Monochromatic Al K α
 h ν = 1486.6 eV) radiation was used to obtain core level spec- 

ra, which were collected at the center of the samples. The sam- 

les were introduced into ultrahigh vacuum and measured without 

puttering or annealing to avoid any process which could modulate 

he defect population in the near-surface region. All samples had 

cquired a contamination layer consisting of adventitious carbon 

nd oxygen during transport through air. For an inelastic mean free 

ath of 3.0 nm at the kinetic energy of the Hf 4 f core electrons, the

nformation depth in these experiments was approximately 9.0 nm. 

he adventitious carbon layer was approximately 0.8 nm in thick- 

ess, which was calculated using the Lambert-Beer law attenuation 

f the Hf signal, but did not account for the inherent heterogeneity 

nd roughness of this layer. However, its small thickness and the 

arge cross-section of the Hf 4 f core level enabled analysis of the Hf 

nd O signals without any additional surface cleaning. Survey spec- 

ra measured with a pass energy of 100 eV were used to confirm 

he presence of Hf, O, and C; no other elements were detected. A 

ass energy of 50 eV and energy steps of 0.05 eV were used for 

ll core level spectra. The resolution is 0.41 eV for this pass en- 

rgy as defined by the width of the Ag 3 d 5/2 core level measured

rom a standard. The spectra were aligned to the Fermi Level of a 

lean gold sample set to 84.0 eV. A small charging induced shift 

f the core levels of less than 2 eV was corrected by alignment of 

he spectra at the energy of the Hf 4 f 7/2 core level with the lowest

inding energy in the series: 17.8 eV for the as-deposited samples, 

hich agrees with published values [42–44] . The FHWM of Hf and 

 peaks was constant throughout the sample series and therefore 

xcluded differential charging. All XPS data were analyzed using 

olXPD software [45] . A Voigt function was suitable for fitting all 

ore levels and was combined with a Shirley background [46] . Peak 

reas were corrected by cross-sections provided by Scofield et al. 

or each core level [47] . Compositions of as-deposited and annealed 

lms were calculated by taking a ratio of the corrected O 1 s peak 

rea to the corrected Hf 4 f 5/2 and Hf 4 f 7/2 peak areas. 

PAS was performed using the Washington State University mo- 

oenergetic variable energy positron beam. Doppler broadening 

pectra of the 511 keV annihilation line were measured for the 

amples as a function of incident positron energy, E, with an en- 

rgy resolution of 1.32 keV FWHM. The positron beam was gener- 

ted by a 22 Na positron-emitting isotope, and the positron energy 

as varied from 25 eV to 70 keV, which was sufficient to scan the 

ean implantation depth through the HfO 2 and TaN into the sil- 

con substrate. Line shape (S) and wing (W) parameters were ex- 

racted and fit using VEPFIT [48] . S was defined as the fraction of 

vents ± 0.74 keV around the centroid of the 511 keV photoelectric 

eak. A window of 3.26 keV on either side of the centroid channel 

ith an inside edge at 2.61 keV contributed to W. S and W values 

ere normalized with the total background-subtracted counts in 

he photoelectric peak. Further analysis details have been reported 

lsewhere [49] . 



S.T. Jaszewski, E.R. Hoglund, A. Costine et al. Acta Materialia 239 (2022) 118220 

Fig. 1. GIXRD patterns of crystallized HfO 2 samples with varying oxygen content in 

the plasma. Indexing for each peak is provided above the panel. 
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Fig. 2. Relative o + t phase fractions (closed circles) and crystallite sizes (open 

squares) calculated from GIXRD patterns. 
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. Results and discussion 

.1. Phase characterization 

GIXRD measurements were performed before and after rapid 

hermal annealing the films to assess the crystallinity and iden- 

ify the phases present. These measurements confirmed that the 

s-deposited films were amorphous to the extent discernable by 

RD (Fig. S1). Fig. 1 shows the GIXRD measurements performed 

n annealed films with oxygen concentration in the plasma var- 

ed from 7.1% to 8.0%. The positions of tetragonal (t), orthorhom- 

ic (o), and monoclinic (m) reflections in this region are shown 

bove the diffractogram. The films with 7.1, 7.4, and 7.6% oxygen 

n the plasma had an intense peak around 30.5 ° in 2 θ . This peak 

resents challenges in indexing due to similar d -spacings of the or- 

horhombic and tetragonal phases; therefore, it could be the result 

f the orthorhombic (111) reflection, the tetragonal (101) reflec- 

ion, or a superposition of the two reflections. These phases may 

e differentiated by electrical property characterization where the 

rthorhombic phase will display polarization hysteresis while the 

etragonal phase will have an antiferroelectric-like response. Low 

ntensity monoclinic phase peaks are discernable in the 7.4 and 

.6% oxygen samples but not the 7.1% sample. The film deposited 

ith the highest concentration of oxygen in the plasma, 8.0%, con- 

ained peaks indexed as the monoclinic phase in addition to the 

rthorhombic and/or tetragonal phases. 

The relative orthorhombic + tetragonal (o + t) phase fractions 

ere calculated by fitting the GIXRD patterns using LIPRAS fitting 

oftware [50] and taking the ratio of the integrated peak intensity 

f the orthorhombic + tetragonal peak to the integrated intensity 

um of all three peaks, ( 
t 101 + o 111 

t 101 + o 111 + m 

1̄ 11 
+ m 111 

) . The relative o + t phase

ractions are shown in Fig. 2 . Also shown are crystallite sizes that 

ere calculated using Scherrer’s equation [42] . The films deposited 

ith 7.1, 7.4, and 7.6% oxygen concentration in the plasma con- 

ain primarily orthorhombic + tetragonal phase with relative o + t 

hase fractions greater than 0.9 and crystallite sizes of approxi- 

ately 18 nm. The film deposited with 8.0% oxygen had a relative 

 + t phase fraction of 0.57 and a crystallite size of 14.9 ± 0.7 nm.

t should be noted that the crystallite size was calculated using the 

rthorhombic + tetragonal peak, so the crystallite size calculation 

or the 8.0% sample may be affected by its relatively lower signal- 

o-noise ratio in comparison with the films that contained primar- 

ly orthorhombic phase, as well as the smaller volume fraction of 

rthorhombic + tetragonal phases that may result in smaller crys- 

allites. Additionally, the crystallite size is measured in a direction 
4 
hat is approximately 15 degrees off surface normal due to the 

eometry of the grazing incidence measurement. Effectively, this 

esults in the measured crystallite size to primarily comprise the 

ut-of-plane dimension, but with a minor in-plane contribution. 

rea detector XRD measurements were performed to assess the 

rystallographic texture of the films (Fig. S2). Non-uniform inten- 

ity in the 111 o /101 t Debye-Scherrer rings indicated the presence of 

referred crystallographic texture in the 7.4 and 7.6% samples. For 

xample, if this peak is primarily due to the orthorhombic phase, 

hen these films crystallized with a preference for a 111 out-of- 

lane texture. This texture was also observed in the 8.0% sample 

long with slight texture of the monoclinic phase, with the higher 

ngle 111 m 

reflection having an increased out-of-plane component. 

he origin of this texture is unclear, as it was not previously ob- 

erved on atomic layer deposited hafnium zirconium oxide (HZO) 

lms prepared on identically processed TaN electrodes [51] , but 

ay indicate that the HiPIMS deposition impacts nucleation from 

he amorphous deposit. 

Differences in the nucleation behavior leading to the varied 

hases in the films prepared with different oxygen contents were 

ought using in-situ , high-temperature X-ray diffraction (HTXRD) 

easurements. These experiments were performed on films pre- 

ared with the three highest oxygen contents, with the results 

rovided in Fig. S4. Significant differences in crystallization tem- 

eratures or phases between these films were not observed, with 

ll films containing significant fractions of the monoclinic phase, 

hich formed at 460 °C. These results differed from the obser- 

ations for rapid thermal annealed films, where the lower oxy- 

en content films had virtually no monoclinic phase. However, 

he heating rate used for these HTXRD experiments was signifi- 

antly slower than the films which underwent a rapid thermal an- 

eal (2 °C/min compared to 67 °C/s), and studies have shown that 

eating rate significantly affects phase formation in HfO 2 -based 

hin films [ 52 , 53 ]. Additionally, at sufficiently high temperatures 

nd long times, the high kinetic barrier of the transition from the 

etragonal or orthorhombic phases to the monoclinic phase can be 

vercome and the monoclinic phase can be formed during the an- 

ealing process [ 54 , 55 ]. Thus, the kinetic mechanisms for mono- 

linic phase formation may be responsible for the differences ob- 

erved here. Further, the presence of oxygen impurities in the ni- 

rogen gas, desorption from the furnace insulation, and desorption 

rom the alumina sample stage and sample holder during these 

easurements may have eliminated the differences in the original 

xygen content within the films and altered the nucleation behav- 

or. 
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Fig. 3. Nested polarization hysteresis measurements after field cycling for the sam- 

ples deposited with oxygen plasma concentrations of (a) 7.4%, (b) 7.6%, and (c) 

8.0%. (d) Remanent polarization from PUND (closed circles) and relative permittivity 

(open squares) versus% O 2 in the plasma. 
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Fig. 4. Plan-view SEM images of films with varying oxygen content during deposi- 

tion. 

Fig. 5. Average lateral grain size calculated using the line-intercept method on the 

plan-view SEM micrographs with error bars representing 95% confidence intervals. 
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.2. Electrical characterization 

Fig. 3 shows the polarization response of films deposited with 

a) 7.4%, (b) 7.6%, and (c) 8.0% oxygen in the plasma following field 

ycling with 50 0 0 3 MV/cm square waves. The remanent polariza- 

ions obtained using PUND measurements and relative permittiv- 

ty values, assessed as the initial permittivity from a Rayleigh for- 

alism, are shown in Fig. 3 (d). The previously discussed film with 

.1% oxygen in the plasma was electrically shorted in the pristine 

ondition (before field cycling), so the characterization of electri- 

al properties focused on the films deposited with higher oxygen 

ontent in the plasma. Before field cycling, the polarization hys- 

eresis loops were pinched (Fig. S5), as is commonly observed for 

afnia-based ferroelectrics, and may be attributed, in part, to do- 

ain pinning or presence of the tetragonal phase. Relative permit- 

ivities of the three samples were 34, 35, and 26 for the 7.4, 7.6,

nd 8.0% samples, respectively. After field cycling, the loops opened 

p, and the polarization response for all of the films was well- 

aturated, indicative of low leakage current contributions and large 

rthorhombic phase contents. The films deposited with 7.4% and 

.6% oxygen in the plasma had remanent polarization values of 8.0 

nd 8.7 μC/cm 

2 , respectively and similar coercive fields of + 1.3/- 

.7 MV/cm. The 8.0% sample had a lower remanent polarization 

f 3.5 μC/cm 

2 , lower saturation polarization, and coercive fields of 

 0.6/-0.3 MV/cm. Relative permittivities of the films after field cy- 

ling were 34, 34, and 26 for the 7.4, 7.6, and 8.0% samples, respec-

ively. The low permittivity of the film deposited with 8.0% oxygen 

n the plasma can be explained, in part, by the presence of the 

onoclinic phase in this film since the monoclinic phase is known 

o have the lowest relative permittivity of the three phases [56] . 

he minimal changes in permittivities of the 7.4 and 7.6% samples 

fter cycling suggest that domain pinning was largely responsible 

or the pinched hysteresis response before cycling and that wake- 

p-driven phase transformations had limited contribution to the 

bserved increase in remanent polarization. This indicates that the 

iffraction data above is showing largely the orthorhombic phase 

ather than a combination of tetragonal and orthorhombic phases. 

.3. Microstructural characterization 

Since grain size was anticipated to play a significant role in 

hase stability in HfO 2 thin films, the microstructure was exam- 

ned using plan-view SEM with images shown in Fig. 4 . From visual 
5 
nspection of these micrographs, the grains appear to be similar in 

ize and morphology. To further quantify the grain sizes, the lin- 

al intercept procedure was used, and the mean intercept length 

s reported in Fig. 5 , with error bars representing 95% confidence 

ntervals [57] . Quantification of the mean intercept length reveals 

izes between 19.1 ± 1.3 and 20.6 ± 1.1 nm and virtually no differ- 

nce in the lateral grain sizes between samples. 

Composite conical dark-field TEM micrographs of the films are 

rovided in Fig. 6 . Conical dark-field was performed instead of con- 

entional bright-field imaging because all grains in the bright-field 

mages had similar diffraction contrast. The conical dark-field im- 

ges were acquired with the same electron beam tilt-angle and 

ifferent rotations about the optic axis. Each composite conical 

ark-field image comprises three individual conical dark-field im- 

ges and allows the microstructure to be assessed over larger ar- 

as. The three different colors of the images represent grains that 

atisfy diffraction conditions for the three different rotations. The 

icrographs reveal that the films are one grain thick. Further- 

ore, it was observed that the films contain approximately 100 nm 

ide clusters of similarly-oriented grains with average lateral grain 

izes of 20 nm, suggesting that these clusters are approximately 

ve grains across. The average in-plane grain diameters calculated 

rom measurements of 10 grains in each sample are shown in 

able 1 and are, in general, consistent with the plan-view mea- 

urements. Because of the presence of ferroelastic twin boundaries 
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Table 1 

Average grain size and 95% confidence interval from SEM images and average in-plane grain diameter and standard 

deviation from dark-field TEM images. 

% O 2 in Plasma 

Average Grain Size 

from SEM (nm) 

95% Confidence 

Interval (nm) 

Average Grain Diameter 

from TEM (nm) 

Standard Deviation 

(nm) 

7.4 19.5 1.0 28.66 12.64 

7.6 19.1 1.3 22.15 12.31 

8.0 19.9 1.2 14.14 3.55 

Fig. 6. Dark-field TEM images of annealed samples deposited with (a) 7.4, (b) 7.6, 

and (c) 8.0% oxygen in the plasma. The red, blue, and green colors correspond to 

data collected for different electron beam rotations about the optic axis. 
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n the monoclinic grains, the calculated average grain diameter is 

ffectively half of its actual size. Taking domains into account, the 

ark-field results agree with the conclusions drawn from the SEM 

rain size measurements and the crystallite size measurements 

rom XRD data, which show that the grain size does not signifi- 

antly vary with oxygen content. 

Combined, the SEM and TEM microstructure analysis showed 

inimal variations in grain sizes for each sputter condition. How- 

ver, X-ray diffraction and electrical analysis showed significant 

ariations in phases present and ferroelectric behavior. These re- 

ults suggest that the phase constitution and performance cannot 

e explained by differences in grain size. The oxygen content in the 

putter atmosphere appears to play a much stronger role. Although 

he oxygen content in the plasma during sputtering is known, it 

s unknown how this affects the oxygen content in the deposited 

lms and how the oxygen content may change after annealing. 

hus, several techniques were used to evaluate the oxygen con- 

ent in the films to enable the correlation of phase formation and 

erroelectric response with oxygen stoichiometry. 

.4. Leakage current measurements 

To start, leakage current measurements were performed as an 

ndirect method to assess oxygen vacancy concentrations. Sev- 

ral groups have used leakage current measurements to estimate 
6

xygen vacancy concentrations via trap-assisted tunneling fits for 

fO 2 -based thin films [ 34 , 51 , 58 ]. It is known that higher oxygen

acancy concentrations result in higher leakage currents due to 

xygen vacancies acting as charge carrier traps and electroneutral- 

ty conditions dictating that each oxygen vacancy be compensated 

y two electrons [59–61] . However, measurements of leakage cur- 

ent in the crystalline films in this study (Fig. S6) revealed values 

f 10 −10 to 10 -7 A/cm 

2 even at fields as high as 2.5 MV/cm. These

ow leakage currents are consistent with the well-saturating po- 

arization hysteresis measurements, which showed no indications 

f leakage current artifacts despite the relatively low measurement 

requency. No obvious signature of trap-assisted tunneling could be 

bserved in these films, and this precluded the use of the leakage 

urrent measurement and fitting approach to estimate oxygen va- 

ancy concentrations. 

.5. Electron energy loss spectroscopy 

EELS was conducted via TEM to further investigate the oxy- 

en stoichiometry and electronic structure of the crystalline films. 

ig. 7 a shows the single-scattered O- K ionization edge, which mea- 

ures excitations from O 1 s core levels to unoccupied O 2 p states 

62] . The energy-loss near-edge fine structures (ELNES) provide in- 

ormation about the local electronic structure around the oxygen 

ons [63] . A higher intensity in this region is indicative of more 

xygen in the films, and a trend of higher signals with increas- 

ng oxygen in the plasma during deposition is evident. The doublet 

eak, consisting of the peaks labeled A and B, at the edge onset 

re due to crystal field splitting of the Hf 5 d states, which are hy-

ridized with the O 2 p states [64] . The reduced intensity of peak 

 in comparison to peak B has been attributed to the presence of 

xygen vacancies in zirconium oxide, and has also been observed 

n low-oxygen content ALD-prepared HfO 2 films [ 65 , 66 ]. The re- 

uced intensity of peak A for the 7.4% oxygen sample is more pro- 

ounced in Fig. 7 b, where the intensity was normalized to the 

eak B maximum, indicating that this sample may have a higher 

oncentration of oxygen vacancies than the 7.6 and 8.0% samples. 

dditionally, the 8.0% sample shows increased asymmetry of peak 

 in comparison to the other samples. This is likely due to the 

resence of the monoclinic phase, in addition to the orthorhom- 

ic/tetragonal phases, in this sample, which will lead to broaden- 

ng of these peaks due to variations in bond lengths, angles, and 

on coordination [ 67 , 68 ]. 

Fig. 8 shows the low-loss EELS spectra for the samples. The 

eak marked with the grey line results from a plasmon excitation 

69] . There are a number of factors that can affect the position of 

his peak, including oxygen vacancy concentration. A shift in the 

osition of this peak indicates a change in carrier concentration, 

here a shift to higher energy indicates more carriers [68] . The 7.4 

nd 7.6% oxygen samples have shifted to higher energies in com- 

arison to the 8.0% sample, suggesting that these samples contain 

ore oxygen vacancies in agreement with previous research [68] . 

his is supported by the calculated stoichiometry, x in HfO x , shown 

n Table 2 , which was assessed using the O- K , measured from 530

o 560 eV ( Fig. 7 ), and Hf- M edges, measured from 1650 to 1840 eV

Fig. S7). Using edges separated by large energies can affect back- 
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Fig. 7. (a) Single-scattered core-loss EELS spectra showing the O- K ionization edge of films deposited with 7.4, 7.6, and 8.0% oxygen. (b) Doublet peaks (A and B) at the edge 

onset with normalized maximum intensity of peak B. 

Table 2 

Compositions of the amorphous films (from XPS) and crystallized films (from XPS and 

EELS). 

% O 2 in Plasma 

x in HfO x from 

EELS (Crystalline) 

x in HfO x from XPS 

(Amorphous) 

x in HfO x from 

XPS(Crystalline) 

7.4 1.51 1.60 1.30 

7.6 1.63 1.79 1.47 

8.0 1.68 1.83 1.70 

Fig. 8. Low-loss EELS spectra for hafnium oxide with varying oxygen. The grey line 

marks the center of the plasmon peak for the 8.0% sample. 
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round fitting and may result in quantification errors. However, 

he relative differences in the stoichiometries between samples are 

ble to be used for comparison. From this analysis, it can be ob- 

erved that the sample deposited with the lowest amount of oxy- 

en in the plasma is the most oxygen-deficient, likely correlating 

ith a higher concentration of oxygen vacancies. 

.6. X-Ray photoelectron spectroscopy 

To further investigate the oxygen content, XPS was used to 

tudy films in both the amorphous and crystalline states. The com- 

osition in the surface and near-surface region were obtained by 

tting the Hf 4 f and O 1 s spectra to calculate the ratio of oxygen to

afnium. The value of x in HfO x obtained from XPS for amorphous 

nd crystalline films is included in Table 2 . Because the O 1 s core

lectrons have a lower kinetic energy than the Hf 4 f core electrons, 

he adventitious carbon layer will attenuate the O 1 s signal more 
7 
han the Hf 4 f signal, resulting in compositions that are more oxy- 

en deficient. However, these values are similar to those obtained 

rom EELS measurements, and can be used for qualitative compar- 

son. Thus, it is evident that the films are oxygen-deficient, and 

he oxygen content increases as expected with the oxygen concen- 

ration in the plasma during deposition, consistent with the EELS 

esults. 

To gain more insight into the electronic structure, Fig. 9 shows 

he Hf 4 f core levels for (a) amorphous and (b) crystalline films 

ith the intensity normalized to the Hf 4 f 7/2 peak maximum. The 

nsets show the tail on the low binding energy side of the Hf 4 f 7/2 

eak, which is known to correlate with the presence of a sub-oxide 

f 3 + peak. This signature has been attributed to the presence of 

xygen vacancies in which the two electrons remaining at the va- 

ancy site from the removed neutral oxygen atom are distributed 

mong two neighboring Hf 4 + atoms [70–73] . Evidence of this sub- 

xide Hf 3 + contribution is visible in the tail of the Hf 4 f 7/2 peak for

he amorphous films deposited with 7.4 and 7.6% oxygen. Although 

he intensity of the Hf 3 + peak is too low to allow for a quantitative

ssessment with a fit, a comparison of the spectra shows a clear 

rend: increasing contribution from the Hf 3 + peak, and thus in- 

reasing concentration of charged oxygen vacancies correlates with 

ecreasing oxygen percentage during sputtering. The correspond- 

ng Hf 3 + 4f 5/2 peak is positioned in the valley between the Hf 4 + 

oublet and leads, therefore, to a concomitant change in the depth 

f this valley. In the crystalline films, however, there are no observ- 

ble differences in the tails of the Hf 4 f 7/2 peaks or in the valleys.

hese results suggest that there is a larger concentration of pos- 

tively charged oxygen vacancies in the amorphous films than in 

he films after rapid thermal annealing and crystallization. This is 

espite the stoichiometry quantification by EELS and XPS showing 

arge oxygen deficiencies in both the amorphous and crystallized 

tates. It is speculated that after crystallization, the oxygen vacan- 

ies are neutral and have electrons trapped to their local sites; that 

s, the electrons that charge compensate for the missing oxygen 

re not localized at adjacent hafnium ions where they would be 

xpected to lower the hafnium valence. 
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Fig. 9. Hf 4 f core levels for (a) amorphous and (b) crystalline films with the intensity normalized to the Hf 4 f 5 \ 7/2 peak maximum. The insets show the tail of the Hf 4 f 7/2 

peak where evidence of a Hf 3 + peak resides. 
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Fig. 10. (a) Positron annihilation spectroscopy S versus W parameters for amor- 

phous and crystalline samples. Error bars are smaller than marker size. S parameter 

versus% O 2 in the plasma for (b) amorphous and (c) crystalline samples. 
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.7. Positron annihilation spectroscopy 

To further investigate the nature of the oxygen vacancies in 

hese films, PAS was used. PAS is a sensitive technique used to 

haracterize defects and vacancies in solids [74] . When a positron 

s implanted into a solid, it rapidly thermalizes within a few 

icoseconds and then diffuses throughout the volume, where it 

ay be trapped at open-volume defects. The probability of trap- 

ing depends on the defect charge state, with the probability of 

rapping at neutral or negatively charged states orders of mag- 

itude above that for positively charged states at room temper- 

ture [75] . Trapped positrons are more likely to annihilate with 

n electron than delocalized positrons, and the combined momen- 

um results in a Doppler shift of the two annihilation photons. Be- 

ause the momentum distribution of electrons in a defect differs 

rom that in the bulk, these defects can be detected by measur- 

ng the Doppler broadening spectra of annihilation radiation. The 

hange in Doppler broadening spectra is characterized by the S 

line shape) and W (wing) parameters, which describe different 

hapes in the spectra [76] . A larger S value corresponds to a larger

oncentration and/or volume of defects and vacancies, while the W 

arameter provides information about the chemical and structural 

nvironment. 

Depth-resolved Doppler Broadening Spectroscopy was used to 

btain the S and W parameters of the three HiPIMS-deposited 

fO 2 films in both the amorphous and crystallized states. Fig. 10 a 

hows a plot of the S parameter versus W parameter for the ox- 

de layer. Two standards, sintered bulk ceramic HfO 2 and hafnium 

etal, are shown in this plot in addition to the HiPIMS-deposited 

fO 2 films. The amorphous samples fall on a line that runs paral- 

el to that connecting the sintered HfO 2 and hafnium metal. This 

mplies that the positrons are experiencing an environment that 

artially HfO 2 and partially metal Hf and is consistent with the 

resence of oxygen vacancies where the nearest neighbor atoms 

round the missing oxygen would be hafnium atoms. Positrons, 

wing to their positive charge, are most sensitive to neutral or 

egatively charged vacancies or defects in materials. Based on de- 

ect chemistry, it may be expected that oxygen vacancies in HfO 2 

ould be positively charged, so they would not effectively trap 

ositrons. However, neutral oxygen vacancies can exist if the elec- 

rons do not delocalize, and these vacancies can be responsible for 

he change in S parameter observed here [ 61 , 77–79 ]. It is possible

hat neutral Hf-O divacancies exist as well; however, the structural 

isorder required given the high concentrations of oxygen vacan- 

ies as measured by EELS and XPS would suggest that these are not 

he dominant defect. These results, therefore, indicate that neutral 

xygen vacancies are the dominant defect and that the concentra- 
8 
ion increases with decreasing oxygen content during sputtering 

or the amorphous films. 

Fig. 10 b and c show the S parameter versus percentage of oxy- 

en in the plasma for the amorphous samples and crystalline sam- 

les, respectively. Overall, the crystalline samples have higher S pa- 

ameters than the amorphous samples, demonstrating that these 

lms have a higher concentration of defects detectable by PAS af- 

er annealing. This may suggest that there is an increase in the 

opulation of neutral oxygen vacancies after crystallization. This 

s consistent with the XPS spectra ( Fig. 9 ) that showed a reduc- 

ion in the Hf 3 + peak that correlates with positively charged oxy- 

en vacancies after annealing, in addition to the quantification of 

toichiometry by XPS that demonstrated that the films were more 

xygen-deficient after crystallization ( Table 2 ). Neutral oxygen va- 

ancies would not manifest as an Hf 3 + peak in XPS, but would be 

ore easily detectable by PAS. Further, these observations are con- 

istent with the low leakage currents measured in these films as 
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he oxygen vacancy compensating electrons appear to not be ion- 

zed in the crystallized films. 

Additionally, the S versus W parameter trends of the crystalline 

amples run perpendicular to the line connecting the sintered HfO 2 

nd hafnium metal due to differences in their W parameters. This 

ndicates that there are differences in the chemical environment 

hat the positrons are experiencing related to coordination num- 

er. These differences in coordination number are supported by the 

RD data ( Fig. 1 ), which showed that the sample prepared with 

.0% oxygen in the plasma contained significant volume fractions 

f monoclinic phase in addition to the orthorhombic and/or tetrag- 

nal phases and the ELNES EELS spectra, which showed complexity 

n peak A for the 8.0% sample due to a difference in the distribu-

ion of bonding in this sample ( Fig. 7 c). Given the large concen-

rations of oxygen point defects in these samples, as quantified by 

oth EELS and XPS, it is plausible that defect clusters such as di- 

acancies exist as well, which would impact the local environment 

xperienced by positrons. 

Combined, the EELS, XPS, and PAS analysis show that the oxy- 

en content in the plasma has a direct correlation with the amount 

f oxygen and oxygen point defects present in the films – both 

n the amorphous and crystalline states. While measuring oxy- 

en content precisely is challenging, the relative consistency of 

he stoichiometries measured across the same samples with mul- 

iple techniques suggests that the oxygen vacancy concentrations 

equired to stabilize the ferroelectric phase in pure HfO 2 are sig- 

ificant. Furthermore, HfO 2 phase stability is extremely sensitive to 

he amount of oxygen present, and oxygen variations of less than 

% in the sputter gas atmosphere are sufficient to change nucle- 

tion behavior from being primarily the ferroelectric orthorhombic 

hase to significantly the non-ferroelectric monoclinic phase. The 

mall change in oxygen content in the sputter atmosphere leads to 

arge variations in oxygen content in the deposited films. The XPS 

ata suggest that x can vary by as much as 0.2 in the amorphous

lms for a 0.6% change in sputter atmosphere oxygen content. 

dditionally, the oxygen content boundary separating preparation 

f the orthorhombic ferroelectric phase and the non-ferroelectric 

onoclinic phase is relatively small at x of just ∼0.05. Fine con- 

rol of oxygen content is, therefore, vital in the preparation of the 

erroelectric phase in pure HfO 2 . 

In the amorphous films, a high concentration of oxygen vacan- 

ies was measured and observed across all three films. The Hf 3 + 

ignature in XPS suggests that some fraction of these oxygen va- 

ancies were ionized. In the crystalline state, large concentrations 

f oxygen vacancies were still observed; however, they appear to 

e largely neutral due to the lack of Hf 3 + signature as well as 

he extremely low leakage currents and the increased S param- 

ter in the PAS experiments. The presence of these oxygen va- 

ancies stabilizing the ferroelectric phase is consistent with many 

ther experimental reports as well as a recent computational re- 

ult [80] . Furthermore, the computational predictions revealed that 

he fraction of ionized vacancies should be many orders of magni- 

ude lower than neutral vacancies in pure HfO 2 . This is consistent 

ith the measurements in this study and confirms that in this very 

ide band gap ferroelectric, the oxygen vacancies do not neces- 

arily ionize at room temperature and that high point defect den- 

ities can be tolerated without leading to performance-degrading 

eakage currents. By comparison, HZO films with high oxygen va- 

ancy concentrations resulted in high leakage currents, and clear 

rap-assisted tunneling [81] . It should be noted that HZO has been 

eported to have a lower band gap than pure HfO 2 for the same 

hases [82] , and that this lower band gap may result in lower bar-

iers for ionization of electrons from oxygen vacancies leading to 

igher leakage currents. It is also not clear what role carbon con- 

amination in ALD-prepared films may play in sub-band gap defect 

tates, but this work suggests that they may contribute to leakage 
9 
ecause large leakage currents and trap-assisted tunneling were 

bserved in undoped ALD-prepared HfO 2 films [34] . This indicates 

hat in the absence of chemical impurities, dopant-free HfO 2 may 

e more robust against leakage currents and attractive for devices 

uch as FTJs and FeFETs where non-direct tunneling and charge- 

rapping, respectively, impact device performance. 

. Conclusions 

HiPIMS is a promising method to prepare ferroelectric HfO 2 

lms. It allows for high chemical purity and enabled the study of 

xygen defect impacts to phase nucleation and ferroelectric per- 

ormance in pure HfO 2 films. Specifically, in this study, 20 nm 

fO 2 films were deposited from a high purity hafnium metal tar- 

et via reactive HiPIMS with oxygen in the plasma varied from 7.1 

o 8.0%. The film deposited with the highest amount of oxygen 

ontained the monoclinic phase in addition to the orthorhombic 

nd/or tetragonal phases, while films with lower oxygen contained 

ignificant fractions of the orthorhombic phase after crystallization. 

hese differences extended to electrical properties, where the 7.4 

nd 7.6% films had the highest remanent polarization values of 8.0 

nd 8.7 μC/cm 

2 , respectively, and the 8.0% film had a remanent 

olarization of 3.5 μC/cm 

2 . Assessment of the microstructure of 

hese films showed that the films had similar grain sizes; how- 

ver, the phases present and electrical properties varied, suggesting 

hat these differences cannot be explained by variations in grain 

izes. Several methods were used to assess the oxygen content in 

he films; EELS and XPS showed that the films were significantly 

xygen-deficient, that lower oxygen content in the plasma resulted 

n lower oxygen in the films, and that the films were more oxygen- 

eficient after annealing. Thus, differences in oxygen content and 

xygen vacancy concentration are responsible for the phase con- 

titutions and electrical properties of these films. Additionally, in 

pite of the large oxygen non-stoichiometries in these films, the 

eakage currents remained extremely low. XPS measurements re- 

ealed the presence of Hf 3 + in the amorphous phase, which signi- 

es the presence of positively charged oxygen vacancies, suggest- 

ng that the electrons compensating the oxygen point defects were 

elocalized from the vacancies. In the crystalline samples, how- 

ver, no Hf 3 + signature could be observed, although the films were 

ore oxygen deficient. These results, combined with the low leak- 

ge currents and increased S parameter in PAS experiments, indi- 

ate that the electrons are localized to the oxygen point defects 

nd are not ionized. This study demonstrates that the properties 

f ferroelectric HfO 2 thin films are highly sensitive to oxygen con- 

ent and that high oxygen vacancy concentrations do not necessar- 

ly lead to large leakage currents. Controlling the concentrations of 

xygen vacancies in the film preparation process is of utmost im- 

ortance for enabling the integration of phase-pure hafnium oxide 

nto devices. 
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