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Enhanced ferroelectric switching
speed of Si-doped HfO, thin film
tailored by oxygen deficiency

Kyoungjun Lee'®, Kunwoo Park?3*, Hyun-Jae Lee*, Myeong Seop Song?, Kyu Cheol Lee?,
Jin Namkung?, Jun Hee Lee*, Jungwon Park?? & Seung Chul Chae**

Investigations concerning oxygen deficiency will increase our understanding of those factors that
govern the overall material properties. Various studies have examined the relationship between
oxygen deficiency and the phase transformation from a nonpolar phase to a polar phase in HfO, thin
films. However, there are few reports on the effects of oxygen deficiencies on the switching dynamics
of the ferroelectric phase itself. Herein, we report the oxygen- deficiency induced enhancement of
ferroelectric switching properties of Si-doped HfO, thin films. By controlling the annealing conditions,
we controlled the oxygen deficiency concentration in the ferroelectric orthorhombic HfO, phase.
Rapid high-temperature (800 °C) annealing of the HfO, film accelerated the characteristic switching
speed compared to low-temperature (600 °C) annealing. Scanning transmission electron microscopy
and electron energy-loss spectroscopy (EELS) revealed that thermal annealing increased oxygen
deficiencies, and first-principles calculations demonstrated a reduction of the energy barrier of the
polarization flip with increased oxygen deficiency. A Monte Carlo simulation for the variation in the
energy barrier of the polarization flipping confirmed the increase of characteristic switching speed.

Defects, such as oxygen deficiencies, are present in all material systems and are generally considered detrimental
to performance. Extensive attention has been paid to the role of defects and their reduction'. However, defects do
not always suppress functionality and by controlling them diverse functionality can be achieved, such as incipient
magnetism in two-dimensional materials?®, active sites for water dissociation?, and the conventional manipulation
of semiconductor conductivity. Considering the double-sidedness of defects, a profound understanding of them
is required to control material functionality*. In particular, due to the importance of the structural composition
of conventional perovskite oxides, numerous investigations have focused on the effects of defects on ferroelectric
properties. Usually, defects in ferroelectric materials are considered to be the origin of the degradation of fer-
roelectric properties, which include ferroelectric domain pinning, fatigue, and imprint>. However, the control of
oxygen stoichiometry has also been considered a promising way to manipulate the functionality of ferroelectric
oxides, such as incipient ferroelectricity®, stabilization of intermediate polarization states’, and defect-mediated
polarization switching®®.

The unprecedented discovery of non-centrosymmetric inversion symmetry-breaking and spontaneous polari-
zation in HfO, thin films has shed renewed light on the feasibility of ferroelectric logic and memory device
applications!'*-12. Ferroelectric HfO, is considered an alternative to ferroelectric perovskites because of its com-
patibility with current complementary metal-oxide-semiconductor (CMOS) technologies and high scalability.
A large remnant polarization of 10-40 uC/cm? can be obtained for HfO, films with the orthorhombic Pca2,
phase!®!“. In addition, diverse electric properties with structural changes can be realized via dopant control and
electric field cycling'>!®. Integration of HfO, films with the CMOS process will aid the development of next-
generation non-volatile logic and memory applications.

The functionality of spontaneous polarization of HfO, film has been characterized at the fundamental scien-
tific and device application levels. Robust scalability with a sufficiently large coercive field has enabled applica-
tions requiring a wide memory window'’*°. In addition, the robust scalability of ferroelectric polarization has
enabled device fabrication at the sub-10 nm scale. Structural analyses of an ultrathin HfO, film revealed that its
ferroelectricity was due to the non-centrosymmetric orthorhombic Pca2, phase caused by strain in the ilm?.
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Figure 1. Structural and chemical analyses of HfO, films. (a) Grazing incidence X-ray diffraction (GIXRD)
results after annealing at 600 °C for 20 s (LTA) and 800 °C for 1 s (HTA). (b) Enlarged GIXRD results near the
orthorhombic (111) peaks. X-ray photoemission spectroscopy results near the Hf 4f peak for (c) LTA and (d)
HTA films and O 1s peak for (e) LTA and (f) HTA films.

Recently, ferroelectricity in a literally 1-nm thick ultrathin HfO, film was observed with enhanced polar distor-
tion using piezoresponse microscopy and second harmonic generation measurements®'. Furthermore, the prox-
imity effects of a nonmetallic interface in the form of a field-effect transistor with insulator and semiconductor
contacts were investigated with respect to the stability of ferroelectric polarization®*?*. Robust subloop polariza-
tion stability of the ferroelectric HfO, film has also been reported for deterministic control of memory states for
analog devices**?*. The small critical volume for ferroelectric nucleation can be stabilized by weak interactions
with neighboring ferroelectric dipole moments, thereby enabling robust subloop polarization stabilization. The
extremely weak interaction between ferroelectric dipoles was attributed to the flat ferroelectric phonon, which is
a unique character of HfO,-based ferroelectricity”’. These causalities in HfO, itself and the consequent emergence
of ferroelectricity have been pursued to understand the underlying mechanism of ferroelectricity more precisely.

Considering the importance of defects to ferroelectric functionality, the effects of phase transformation in
ferroelectric HfO, have been extensively studied. For example, a correlation between orthorhombic phase forma-
tion and oxygen deficiency was proposed during an investigation of the enhancement of remnant polarization
under electric field cycling: The migration and redistribution of oxygen deficiencies in the middle of the film
were coincident with the formation of the orthorhombic phase, which enhanced polarization?®. However, the
role of oxygen deficiency on the dynamic properties, e.g., ferroelectric polarization switching, has rarely been
studied. Further investigation concerning oxygen deficiency will increase our understanding of the key factors
governing the overall ferroelectric properties. In this study, we enhanced ferroelectric switching properties in
terms of switching speed and homogeneity by controlling oxygen deficiency.

Results

Polymorphism of polycrystalline HfO, thin films was suppressed during the atomic layer deposition process fol-
lowed by post-annealing (see the Experimental Section). Figure 1a shows the grazing incident X-ray diffraction
patterns of low-temperature annealing (LTA) and high-temperature annealing (HTA) films. Both films contained
the orthorhombic/tetragonal phase with negligible monoclinic phase (Fig. 1a). However, a structural distortion

Scientific Reports |

(2021) 11:6290 | https://doi.org/10.1038/s41598-021-85773-7 nature portfolio



www.nature.com/scientificreports/

was observed for the different annealing temperatures (Fig. 1b). Enlarged X-ray diffractograms revealed a shift
of the diffraction peak of the orthorhombic (111)/tetragonal (101) phase near 26 ~ 30°. The peak shift could be
attributed to the phase transition from orthorhombic to tetragonal'® and/or the smaller lattice parameters of the
orthorhombic phase caused by more oxygen deficiencies in the fluorite structure?**°. The strong competition
between electrostatic interaction and the steric effect resulted in the volume contraction of the non-stoichiometric
fluorite structure. Structural instability of a polymorphic HfO, film can modulate the ferroelectric properties.
Notably, for Si-doped HfO, films, the ferroelectric remnant polarization increased with decreasing orthorhombic
(111)/tetragonal (101) lattice parameters®. Considering the different peak positions for the LTA and HTA films,
distinct ferroelectric properties of both films were expected.

The mediation of oxygen deficiency in the Si-doped HfO, films was coincident with the change in annealing
condition. To confirm the effect of the annealing process on the oxygen deficiency concentration, X-ray pho-
toemission spectroscopy (XPS) was used to analyze the chemical states of HfO, after Ar* ion etching. The XPS
results near the Hf 4f, O 1s peaks of the LTA and HTA films were used to compare the oxygen deficiencies concen-
tration (Fig. 1c-f). Figure 1c,d shows the Hf 4f core-level spectra near 17 eV. The spectra of both LTA and HTA
films can be considered to be the complex of doublet peaks of stoichiometric HfO, and off-stoichiometric HfO,
due to the oxygen vacancies®**. For the quantitative analysis of oxygen vacancies, the Hf 4f spectra were carefully
deconvoluted through 4 components in terms of HfO, 4f 5 ,, 4f ; , and HfO, 4f 5 », 4f ; ;,. The HfO, concentration
was estimated to 7.8% and 10.5% from the peak intensity ratios (I;;r) of LTA and HTA films, respectively. O 1 s
peak near 530 eV was accompanied by satellite peaks as shown in Fig. le,f. These satellite peaks corresponded
to hydroxyl groups®**. The estimated peak intensity(I,) ratios between the low-energy satellite shoulder peak
and total oxygen peak intensity were 4.4% and 5.6% for the LTA and HTA film, respectively. Considering that
an oxygen vacancy releases 2 electrons and 2 molecular units in a unit cell*®, the oxygen vacancy concentration
can be estimated as 1/8 x Iy and 1/4 x I,. Therefore, the oxygen vacancy concentration of LTA and HTA films
can be estimated to be 1.1% and 1.4% from Hf spectra and 1.0% and 1.3% from O spectra, respectively. These
XPS results demonstrated that off-stoichiometry was enhanced in the HTA film.

Microscopic structural and chemical analyses using scanning transmission electron microscopy (STEM)
manifested that high-temperature annealing of the HfO, film introduced more oxygen deficiencies with the
negligible phase transformation in the ferroelectric orthorhombic phase. Local chemical analyses of the fer-
roelectric phase were carried out using conventional high-resolution STEM (HRSTEM) and electron energy-
loss spectroscopy (EELS). Figure 2a,b presents HRSTEM images of the LTA and HTA films. The zone axes and
crystallographic structure were characterized by their fast Fourier transform (FFT) patterns (see supplementary
Sect. 1). Both LTA and HTA films exhibited an orthorhombic Pca2, phase with a negligible phase difference
between the films. Also, the grain size estimation exhibited negligible differences between LTA and HTA films
(see supplementary Sect. 2).

Differences in electronic structures were revealed by valence EELS (VEELS) and the O K edges. The local
chemical analyses of the LTA and HTA films by EELS are shown in Fig. 2¢,d. The VEELS spectra of both HfO,
films displayed two peaks, A (~16 eV) and B (~24 eV), which correspond to the plasmon excitation peaks of
bulk HfO, (see supplementary Sect. 3)*’. Although the intensities of peaks A and B were similar in the LTA
film, peak B was more intense than peak A in the HTA film. The lower intensity of peak A of the HTA film was
attributed to weakened plasmon excitation caused by a higher oxygen deficiency concentration®®. Likewise, the
O K edges exhibited distinct double peaks (C and D) due to metal e,~t,, splitting of the Hf 5d orbitals (Fig. 2d)*.
Double-peaks at O K edges have been reported for HfO, with various crystal structures®”~*°. While pronounced
splitting of O K edges was observable in the LTA film, the HTA film exhibited the diminish of peak splitting.
The diminish of peak splitting of O K edges was due to the higher oxygen deficiency concentration in the HTA
film*. Fig. 2e shows the I,/I; and 1o/}, ratios collected from various regions of both films. The average results
also indicate that the HTA film had a higher oxygen deficiency concentration than the LTA film. The structural
and chemical analyses indicated that the oxygen deficiency concentration in Si-HfO, could be controlled with
negligible phase transformation via short duration, high-temperature annealing.

The degree of oxygen deficiency affected the ferroelectric behavior of the HfO, thin films. Figure 3a shows
the ferroelectric polarization hysteresis loops of the LTA and HTA films. Both films exhibited pinched hysteresis
with asymmetric coercive voltage. During the HfO, film growth, more defects such as oxygen vacancy, trap
sites, and defect dipoles are generated at the bottom interface due to the high temperature growth process*.
The asymmetric defects at the interfaces during the annealing process can induce asymmetric coercive voltages
as well as pinched hysteresis (see supplementary Sect. 4)”. The remnant polarization, positive coercive voltage
(V.,), and negative coercive voltage (V) of the LTA film were 13.3 uC/cm?, 0.73 V, and — 1.17 V, respectively,
whereas those of the HTA film were 15.3 uC/cm?, 0.80 V, and — 1.23 V. Thus, the values were about 15%, 9%, and
5% higher for the HTA films. The polarization hysteresis loop for the oxygen deficiency-rich HfO, film indicated
robust ferroelectricity with enhanced remnant polarization and coercive voltages.

Counterintuitively, the oxygen deficiency-rich HfO, film exhibited more homogenous ferroelectric switching®.
Fig. 3b shows the dielectric constant as a function of voltage. Typical butterfly-like capacitance-voltage loops,
which are characteristic of ferroelectric materials, were observed for both films. Comparing the similar dielectric
constants at the high voltage where the capacitance contribution by ferroelectric switching can be negligible, the
different annealing conditions of the two films had little effect on the polymorphic mixture of orthorhombic and
tetragonal phases. Considering the different dielectric constants of monoclinic, orthorhombic, and tetragonal
HfO,, it can be assumed that negligible phase transformation occurred, in agreement with the results shown in
Fig. 2a,b*". On the other hand, the peak height near the coercive voltage was smaller for the HTA films than the
LTA ones. With respect to the lower dielectric constants along the polarization direction in conventional ferro-
electric materials*>~*, the reduced dielectric constant peak in the oxygen deficiency-rich film can be considered
uniformly poled polarization along the field direction.
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Figure 2. Cross-sectional images of orthorhombic HfO, using the high-resolution scanning transmission
electron microscopy (a) along zone axis [121] of the LTA film and (b) along zone axis [323] of the HTA film. (c)
Valence electron energy-loss spectroscopy results and (d) O K edges showing different intensity ratio of peaks in
the LTA (green) and HTA (orange) films. Insets show the double-peaked shape of the O K edges. (e) Box plots of
the intensity ratios of peak A, B (left), and C, D (right).

In addition, the faster ferroelectric characteristic switching with less resistance to the external electrical stimu-
lus indicated enhanced ferroelectric robustness in the HTA film. Considering the distribution of characteristic
switching time due to the presence of dipole defects and the interaction of polarization, the nucleation limited
switching (NLS) model with a Lorentzian distribution of characteristic switching time was used to evaluate the
characteristic switching time and the homogeneity of distribution function (see supplementary Sect. 5)*. To
estimate the ferroelectric characteristic switching times of the Si-doped HfO, films, we measured ferroelectric
switching dynamics in terms of voltage height and width. Figure 4a,b show the time and voltage dependence of
AP(t)/2P, values in the LTA and HTA films, respectively. The HTA film with high oxygen deficiency exhibited a
counterintuitively sharper distribution with faster characteristic switching than the LTA film as shown in Fig. 4c.
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Figure 3. Macroscopic electrical properties of the HfO, films. (a) Polarization-voltage hysteresis of the LTA
(green line) and HTA (orange line) films. (b) Capacitance-voltage measurement of the LTA (green squares) and
HTA (orange squares) films.
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Figure 4. Ferroelectric switching dynamics of the HfO, films. Time and voltage dependence of the AP(t)/2P,
values of the (a) LTA and (b) HTA films. The solid lines represent the fitting results obtained using the NLS
model with a Lorentzian distribution of the characteristic switching time. (c) Fitting results of the Lorentzian
distribution of the characteristic switching time for LTA (dashed lines) and HTA (solid lines) films.
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Figure 5. Schematic diagram of orthorhombic HfO, (a) without oxygen deficiency and (b) with 6.25% oxygen
deficiency. (c) First-principles calculations of the energy landscape during single ferroelectric dipole flipping for
0% and 6.25% oxygen deficiency concentrations.

Intuitively, enhanced film homogeneity with respect to defects and/or the ferroelectric phase results in a sharper
distribution with slower ferroelectric characteristic switching time*°.

Theoretical calculations indicated that the enhanced oxygen deficiency concentration reduced the energy
barrier for the ferroelectric dipole flipping. First-principle calculations estimated the effects of oxygen defi-
ciency concentration on the ferroelectric switching. Figure 5a,b show schematics of the atomic configurations
of downward polarization in ferroelectric HfO, without oxygen deficiency and with 6.25% oxygen deficiency,
respectively. The oxygen deficiency-rich orthorhombic phase exhibited smaller lattice parameters and larger
remnant polarization than the deficiency-free orthorhombic phase (see supplementary Sect. 6). Notably, the
experimental results revealed a reduced (111) lattice parameter with increasing oxygen deficiency (Fig. 1d).
Figure 5c¢ illustrates the energy barrier for ferroelectric dipole flipping for different concentrations of oxygen
deficiency. The calculated activation energy was 86.6 and 65.1 meV/f.u. for orthorhombic HfO, without oxygen
deficiencies and with 6.25% oxygen deficiencies, respectively. Note that due to the complex nature of ferroelectric
switching*”3, the coercive field can be larger with small activation energy in certain circumstances which is not
the inconsistency with experimental results’. Oxygen deficiency-rich HfO, exhibited the smaller energy barrier
of dipole flip than oxygen deficiency-free HfO,.

The causality between uniform switching and oxygen deficiency was investigated via Monte Carlo simulations
in terms of the activation energy for ferroelectric switching. We conducted the Monte Carlo simulations to elu-
cidate the effects of the activation energy of ferroelectric dipole flipping on the ferroelectric switching dynamics.
The simulation was conducted for long-range dipole-dipole interactions* with a certain energy barrier value®
using the Hamiltonian and switching probability as follows:

Pj — 3(P; - n)(P;j - n)

P,.
H:Z — r3
j

— P; - Eeyt (1)

_ [exp (—2HY) for AH > 0
pi= {exp (—%) for AH <0 @)

where p;, P, 1, n, E,,, and U represent the probability, ferroelectric dipole moment at lattice site i, distance
between dipoles, unit vector connecting dipoles, external electric field, and energy barrier, respectively (see
supplementary Sect. 7). Figure 6a shows the Monte Carlo step (MCS) dependence of ferroelectric polarization
switching for different activation energy barriers. The Lorentzian distributions were sharpened with decreasing
energy barrier as shown in Fig. 6b. The results reflect the relationship between activation energy and homoge-
neous ferroelectric switching. More uniform and faster switching was achieved in the case of lower activation
energy which corresponds to the oxygen deficiency-rich ferroelectric HfO,.

The faster ferroelectric characteristic switching was attributed to increased oxygen deficiency in the HfO, thin
film. The oxygen vacancies generated during the HTA process might cause an additional interfacial insulating
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Figure 6. Monte Carlo simulations of the ferroelectric switching dynamics for different activation energy
barrier heights. (a) Polarization reversal behavior and fitting line for different activation energy barriers. (b)
Fitted Lorentzian distribution function for different activation energy barriers.

layer such as TiO,*!. The large coercive voltage of HTA films observed in the P-V hysteresis measurement in
Fig. 3a can be attributed to this interfacial layer. Considering the Landau-Devonshire formalism, additional
insulator layers induce the reduction of spontaneous polarization value®! and additional RC delay in the switch-
ing dynamics causing retarded ferroelectric switching. However, even though the additional insulating interlayer
can be formed, the HTA films exhibited enhanced ferroelectricity with the accelerated switching speed as shown
in Fig. 4. Therefore, the enhancement of ferroelectric properties induced by the oxygen vacancies in this study
might be underestimated due to the interfacial layer during the HTA process. Considering the conventional role
of oxygen deficiency in ferroelectrics, it is noteworthy that the oxygen deficiency accelerated the ferroelectric
switching speed without penalizing inhomogeneous switching, i.e., broadening of the Lorentzian distribution
due to rigid defect dipoles. For example, the enhanced ferroelectricity during wake-up process, i.e., the increase
of ferroelectric polarization during the external electric field cycling, was attributed to a reduction of defect
dipoles and/or increase in ferroelectric volume fraction. The annihilation of defect dipoles and/or increased
ferroelectric volume fraction in ferroelectric domains resulted in homogeneous switching with slower ferroelec-
tric characteristic switching speed. However, the increase of oxygen deficiency in ferroelectric HfO, controlled
by the specific thermal annealing exhibited distinctive properties with the reduced switching activation energy
and faster homogenous switching.

Conclusion

We investigated the effects of oxygen deficiency on the ferroelectric properties of Si-doped HfO, films. Through
the structural and chemical analyses, we confirmed increased oxygen deficiencies with negligible phase transfor-
mation during high temperature annealing. Polarization-voltage and capacitance-voltage measurements revealed
enhanced ferroelectricity with increasing oxygen deficiency. The ferroelectric switching dynamics exhibited
unexpectedly fast ferroelectric characteristic switching with enhanced robust ferroelectric polarization in the
more oxygen-deficient Si-doped HfO, film. The enhanced ferroelectricity in the oxygen deficiency-rich film was
attributed to the reduced activation energy of ferroelectric dipole switching by first-principles calculations and
Monte Carlo simulations.

Methods

Sample fabrication. HfO, films doped with 4.2% Si and 8 nm thick were grown on a TiN bottom elec-
trode by atomic layer deposition using tetrakis(dimethylamido)hafnium, tetrakis(dimethylamino)silane, and
ozone. High-temperature annealing with short annealing time enabled the optimization of diverse functionality
through grain size control®>*, active implantation of dopants with minimal diffusion®, and defect formation®.
Annealing the HfO, films at high temperature with short annealing time controlled the oxygen deficiency con-
centration (see supplementary Sect. 8). Films were post-annealed at 600 °C for 20 s (LTA) and 800 °C for 1 s
(HTA) in an N, atmosphere after deposition of the top Pt/TiN electrode. The Pt/TiN top electrode was patterned
as a circular shape with a radius of 100 pm for electrical measurements.

Sample characterization. The high resolution X-ray photoemission spectroscopy (XPS) measurements
were conducted using monochromatic X-ray source and spherical sector analyzer (SIGMA PROBE, Ther-
moFisher Scientific, UK). The core level spectra peaks were fitted using a pseudo Voigt function (a convolution
of 30% Lorentzian and 70% Gaussian functions) with the Shirley type baseline subtraction. The electrical meas-
urements were conducted after wake-up process by inducing 10,000 pulse cycles of 3 V at a frequency of 10 kHz.
Polarization-voltage (P-V) curves and time-dependent dynamic polarization switching (P(t)) were conducted
using a ferroelectric tester (TF Analyzer 3000; aixACCT Systems GmbH, Aachen, Germany) and a semiconduc-
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tor parameter analyzer (4200-SCS; Keithley Instruments, Cleveland, OH, USA). The P-V curves were measured
with the voltage pulse frequency of 2 kHz. The dielectric constant as a function of voltage was measured with the
ac voltage frequency and height of 10 kHz and 100 mV. an impedance analyzer (E4990A; Agilent, Palo Alto, CA).
For STEM and EELS analyses, films were fabricated into thin lamella using a focused ion beam (FEI; Helios).
The lamella was observed using an aberration-corrected Titan G2 microscope (60-300 kV) operating at 200 kV.
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