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ABSTRACT

In the quest for thinner and more efficient ferroelectric devices, Hfy 5Zry 50, (HZO) has emerged as a potential ultra-thin and
lead-free ferroelectric material. Indeed, when deposited on a TiN electrode, 1-25 nm thick HZO exhibits excellent ferroelectricity
capability allowing the prospective miniaturization of capacitors and transistor devices. To investigate the origin of ferroelectricity
in HZO thin films, we conducted a far-infrared (FIR) spectroscopic study on 5 HZO films with thicknesses ranging from 10
to 52 nm, both within and out of the ferroelectric thickness range where ferroelectric properties are observed. Based on
X-ray diffraction, these HZO films are estimated to contain various proportions of monoclinic (m-), tetragonal (t-) and polar
orthorhombic (polar o-) phases, while only the 11, 17 and 21 nm thick are expected to include higher amount of polar o-phase.
We coupled the HZO infrared measurements with DFT simulations for these m-, t- and polar o- crystallographic structures.
The approach used was based on the supercell method, which combines all possible Hf/Zr mixed atomic sites in the solid
solution. The excellent agreement between measured and simulated spectra allows assigning most bands and provides
infrared signatures for the various HZO structures including the polar orthorhombic form. Beyond pure assignment of bands, the
DFT IR spectra averaging using a mix of different compositions (e.g. 70% polar o-phase + 30% m-phase) of HZO DFT crystal
phases allows quantification of the percentage of different structures inside the different HZO films thicknesses. Regarding the
experimental data analysis, we used the spectroscopic data to perform a Kramers-Kronig constrained variational fit to extract
the optical functions of the films using a Drude-Lorentz based model. We found that the ferroelectric films could be described
using a set of about 7 oscillators, which results in static dielectric constants in good agreement with theoretical values and
previously reported ones for HfO,-doped ferroelectric films.

Key points: HfZrO;, Ferroelectricity, Thin films, Functional metal oxides, Infrared spectroscopy

Introduction

Ferroelectrics are a class of materials capable of two stable polarization states that need sufficient activation energy to pass
from one to the other. These stable binary states are ideal for storing information of "0" and "1" kind in a nonvolatile manner.
The activating energy to switch polarization implies an electric field, so these materials should have very low energy dissipation
for applications such as different types of fast memory devices'. As compared to the well-known perovskite ferroelectrics,
fluorite-structure binary oxides are compounds with chemical formula MO,, with O~2 occupying the eight interstitial sites and
M jons occupy the regular sites of a face-centered cubic structure. These oxides have attracted considerable interest not only
because they enable low-temperature synthesis but also for their Si-compatibility and scalability?, as ferroelectricity has been
verified in films of thickness down to 2.5 and 1 nm”. Moreover, avoiding lead in applications will be mandatory with new
regulations.

The parent compounds ZrO, and HfO, have been intensively characterized in multiple physical forms, such as bulk, under
high pressure, as thin films deposited on different substrates, nanocrystals and devices for over a century. Zr is the most



chemically similar element to Hf, therefore HfO, and ZrO; are usually called twin oxides because of their similar crystal
structure*. Despite their large atomic number difference, 72 for Hf and 40 for Zr, their ions show very close ionic radii of
0.78 A (Hf**) and 0.79 A (Zrt*)*. Regarding the phase diagram for both ZrO; and HfO,, the monoclinic P2;/c (m-phase,
space group 14) is the most stable phase at room temperature and atmospheric pressure (see Fig. 1a). With the increase of
temperature, a phase transition to the tetragonal P4,/nmc structure (t-phase, 137) occurs at about 1700°C (1973 K) for hafnia
and 1170°C (1443 K) for zirconia. Reaching even higher temperatures, one observes a transition to the cubic phase Fm3m
(c-phase, 225) at about 2600°C (2873 K) for hafnia and 2370°C (2643 K) for zirconia (Fig. 1a). A different scenario is observed
under hydrostatic compressive pressure: the m-phase passes to Pca2; (polar o-phase) and the two non-polar orthorhombics
Pbca and Pnma.

Concerning the ferroelectric properties, the polar distortion is caused by the central anion displacement with respect to its
surrounding cation tetrahedron, whereas in the non-polar tetragonal phase, the oxygen atom lies in the polyhedral centre of the
tetrahedron. The evolution of the m-phase towards the high-symmetry t-phase and polar o-phase are favored by size effects,
surface energies and confinement strains, that help on stabilizing inversion asymmetry?.

HfO;-doped films have a longer retention time, implying two stable binary polar states, than conventional ferroelectric
perovskite materials. Theoretical work suggest that this higher retention could arise from the low static dielectric constant
&, of about 17-25°. Devices containing materials with lower & values in this range have less fringing fields, implying a
uniform field near the edge of the plate capacitor. As a consequence, the significantly lowered dielectric constant of the
polar o-phase HfO, may limit the retention loss, a problem arising from non-uniform field, especially in comparison with
the perovskites counterparts®. Furthermore, this low- to mid- range &, allows polar switching at lower voltage compared to
perovskite ferroelectrics’. The dielectric constant can be further used as a marker to identify a specific crystal structure, as the
value of & varies drastically for different HfO, phases: 29 for the cubic, 16 for the monoclinic, reaching its highest value for
the t-phase (70)®. Notice however that there is a downside for the retention gain coming from the lower dielectric constant: as
the & lowers, the polarisation properties weaken as well.

Further information provided by the phonon behaviour has been reported by Delodovici et al.” using first-principles
simulations. The authors find that it is a strong trilinear coupling between three phonon modes that gives rise to the ferroelectric
transition in HfO, doped materials, implying the stabilisation of the polar o-phase. Of the 3 phonons, one is only weakly
unstable, whereas the other two are hard modes. This coupling between phonon modes leads to a polar distortion of oxygen
atoms bonds along the ¢ axis resulting in a spontaneous ferroelectric polarization parallel to this direction.

Since the first report of ferroelectricity in hafnium dioxide thin films'®, many dopants were tested in order to further stabilize
the polar o-phase. The family of promising dopants includes Zr, Y, Al, Gd, St, and La-HfO, based materials, with remnant
polarization of 5 - 40 uC/cm? and coercive field of 0.75 - 4 MV/cm'!. To be able to stabilize the Pca2; polar o-phase, one needs
to enhance the metal-oxygen bonding, which was achieved with the formation of a solid solution of ferroelectric compounds:
Hf_,Zr, 0O, for 0.3 < x < 0.5, x = 0.5 having the higher ferroelectric properties. Indeed, for HfZrO, films below ~ 30 nm, the
ferroelectric polar o-phase is stabilized by a size-driven t- to polar o-phase transition. Besides that, the m- to t-phase transition
temperature is significantly lowered when compared to ZrO, and HfO, bulk ones, leading to partially tetragonal (coming from
Zr0,) and partially monoclinic (coming from HfO,) films!?2.

The IR and Raman spectra of HfO,, ZrO, and HZO have been studied in the literature using experiments and simulations,
but only the parent compounds were investigated for all phases. Recent infrared reflectance measurements on Y-doped HfO,
polar o-phase coupled with DFT phonon calculations have shown that the remnant polarization value in such bulk crystals is
smaller compared with the reported value in thin film form'3. This result is in accordance with the general idea that strain plays
an extremely important role in these ferroelectric materials. In addition to experimental IR measurements on parent compounds,
Materlik et al.” have carried out DFT simulations to predict the IR spectra on multiple ZrO, and HfO, phases and on the polar
o-phase for HZO, together with their static dielectric constants. This work revealed that transformation from the t-phase to the
polar o-phase involves a small volume change from 131.8 A3 t0 133.8 A3 while the polarization, in the ¢ direction, does not
change significantly. As a consequence, the transformation to the polar o-phase might come from a previous stabilized t-phase,
even though both polar o- and t-phase have no close symmetry relationship. Although their work has widely contributed to
the comprehension of the origin of ferroelectricity in such materials, experimental data on HZO are still lacking and a more
complete representation of the large variety of the cells in HZO solid solution is needed. Indeed, the randomness of the HZO
material can be reproduced by the use of a supercell model.

In this study, we coupled new HZO IR measurements with new DFT simulations for m-, t- and polar o- crystallographic
structures (Fig. 1a). The simulation approach used a supercell method, chosen here as a two-unit cells for polar o- and m-, and
four-unit cells for t-phase. This approach is validated by the spectroscopic study on 5 HZO films with thicknesses ranging from
10 to 52 nm both within and out of the thickness range where ferroelectricity is stabilized.
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Figure 1. | Crystal structures of HZO samples (a) Different achievable space groups for HfO; and ZrO, bulk compounds.
Blue spheres represents Zr or Hf, and O is in red. The ground stable m-phase transits to t-phase and further c-phase as
temperature increases. A different path is observed for the increase of hydrostatic pressure: the m-phase transits to o-phase
Pbca and then to another o-phase space group, Pnma. If strain and thickness confinement are present, the polar o-phase Pca2;
is observed. In addition, suggested schematic representation of HZO thin film phases for (b) two different deposition pressures
and (c) different measuring conditions (temperatures and thickness) are presented. In (b), for the low argon pressure (5 x 1073
mbar), HZO is dielectric (t-phase, blue zone). The HZO sample fabricated using this procedure has 10 nm thickness (HZO10).
At higher argon pressure (5 x 10~2 mbar), HZO is ferroelectric, consisting of a mix of m- and polar o-phases. The samples
(HZO11-52) deposited at this pressure have 11, 17, 21 and 52 nm thickness respectively. The thicker the films, the more the
m-phase (purple zone) is present. After the deposition procedure, all samples go through a rapid thermal annealing at 450°C
during 30 seconds under nitrogen atmosphere. Note that the thickness horizontal axis is not at scale. In (c), measured
temperatures (red stars) and stable crystal phases (colored zones) are reported. At high temperatures, the polar o-phase (orange
zone) is favored, whereas at low-7 the m-phase (purple zone) is favored for samples fabricated using high argon pressure.

Experimental Results

The properties of optimally doped Hfy 5Zr( 50, films with thicknesses of 10, 11, 17, 21, and 52 nm, designated here as HZO10,
HZO11, HZO17, HZO21 and HZO52 were investigated. These films were grown on a 300 um intrinsic IR transparent Si
(001) substrate through magnetron sputtering with a single target (see Methods - Sample Preparation). The 10 nm sample was
fabricated using a low-pressure method aiming at inducing the tetragonal phase, whereas the other samples were prepared using
higher pressure, giving rise to a mix of m- and polar o-phases (Fig. 1b). The phase diagram of Hfy 5Zr( 50, films formation
is represented in Fig. 1b, in which the deposition pressure is plotted as a function of film thickness. Concerning the infrared
measurements, the different probed temperatures are summarized in Fig. 1c and indicated by red stars, together with colored
zones corresponding to the probed crystal phases. Prior to optical measurements, ferroelectricity was verified in the 11, 17
and 21 nm HZO samples by carrying P-E loop measurements using TiN (5 nm) as top electrode and doped Si substrate as
bottom electrode (see P-E loop in Fig. S1 in the SI). The optical response of the intrinsic Si substrate measured in the same FIR
absorption conditions were used as reference for calculating the absorbance (as illustrated in Fig. 2a). The room temperature
measured absorbance for multiple thicknesses are shown in Fig. 2b. A series of strong transverse optical (TO) phonon modes is
observed for all films. Starting from lower frequencies, when comparing to the standard HfO, modes, the phonon modes for all
thicknesses, presented in Table 2, can be broadly identified as (frequencies are approximated): A at 100 cm™', Aj at 150 cm ™!,
By at 250 cm~!, A; at 330 at cm~!, By at 400 cm ™!, B, at 500 cm ™! and finally a A; mode at 600 cm™!. In the following
Discussion section, the main modes of each film are described in Tables 1 and 2. The evolution of the room temperature spectra
as thickness increases involves the splitting of the 247 cm~! band (HZO11) into 234 and 257 cm~! (HZO17-52), together with
the appearance of a small shoulder band at 304 cm~! (HZ052), and a broadening and red shifting of the band at around 500
cm~!. Finally, for the thickest film (HZO52), various high frequency structures develop around 570 to 680 cm~!. Furthermore,
for the thickest film, Fabry-Perot oscillations are observed.
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Figure 2. | IR absorption spectroscopy (a) Schematic representation of absorption measurements method of HZO thin films
deposited on intrinsic Si (001) substrate: thin film signal Jr(sample) (left) and reference signal Ir(eference) (right) are measured in
the same experimental conditions. The IR absorbance (A) spectra is obtained by calculating A = —log(Ir(reference)/ IF(Sample)).
(b) Room-temperature IR absorbance for different HZO thickness: 10 nm (mix t-/m-phase); 11, 17 and 21 nm (mix polar
o-/m-phase) and 52 nm (m-phase). The spectra are plotted as measured with no shift on the absorbance of the curves. (c)
Measured absorbance at high-temperatures of 21 nm ferroelectric HZO. d) Measured absorbance at low-temperatures of 17 nm
ferroelectric HZO. Spectra in (c) and (d) were shifted in absorbance for clarity, therefore represented in arbitrary units.

Temperature (7)-dependent FIR measurements were also conducted. The FIR absorbance results for HZO21 film,
determined from 297 K to 736 K, are shown in Fig. 2c. As temperature increases, the band at 600 cm™! splits into two small
bands at 574 and 615 cm~!. A softening of the two main bands at 332 and 404 cm ™! is also observed, shifting down to 327 and
397 cm~!. Low-temperature (13 to 297 K) measurements are reported in Fig. 2d for HZO17. One can observe the splitting of
the 242 cm~! band (present at T = 297 K) into 236 and 257 cm ™! as T decreases. In addition, a new band gradually appears at
478 cm~! at low temperatures, together with the narrowing of the 615 cm~! band. These limited modifications confirm the
stability of the structures.

The grazing incidence X-ray diffraction (GIXRD) experiments were carried out at the UHV end-station of the SixS beamline
at Synchrotron SOLEIL. Measurements were carried out at room temperature on two samples (HZO11 and HZO21) (see Fig.
S2 in the SI for more details).

Density Functional Theory Results

Ab initio calculations were carried using the 2017 version of the CRYSTAL code!?, based on a linear combination of atomic
orbitals method for the crystalline orbitals expansion. Using the PW1PW functional, IR spectra composed of TO modes,
convoluted at a bandwidth of 30 cm™! were simulated (more details on the simulations are found in the Computational section
in Methods).

DFT Results for ZrO, and HfO,

To assess the three HZO phases of interest, m-, t- and polar o-phases, we firstly simulated the IR spectra of the parent compounds
ZrO, and HfO, (Fig. 3). Not only this allows us to validate the simulation parameters, but the comparison between parent
compounds and HZO provides a first assignment of each band vibration. Moreover, our results are in very good agreement with
previous theoretical work carried by El Boutaybi et al. for m-, t- and o- phases of zirconia'> and Materlik et al.”.
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Figure 3. | DFT far-infrared spectra of parent compounds HfO, and ZrO,. In (a, b, ¢) the DFT spectra of HfO, is
presented and in (d, e, f) for ZrO,. The m-phase (top panel, red), o-phase (middle panel, green) and t-phase (bottom panel,
gray) are reported.

DFT Results for HfZrO, - Supercell Method

To take into account the complexity of a real solid solution system, the supercell approach is used. It consists in generating all
possible combinatorial HZO configurations of Zr/Hf mixed atomic sites (blue spheres in Fig. 1) in the composition 50% Zr -
50% Hf. To be constant in the total number of atoms (24), the method implies the use of four unit cells for the t-phase (1 x 2 x 2,
2x1x2,2x2x1)and two unit cells for m- and polar o-phases (1 x 1 x2, 1 x2x 1,2 x 1 x 1) in the three directions of space.
The supercell approach has been presented before for a similar solid solution system in references'®!”. In the present paper,
FIR spectra were simulated for HZO in its polar o-phase (space group 29, Pca2,), for the t-phase (137, P4,/nmc) and the most
stable m-phase (14, P2,/c). For the o-phase, two-unit cells (1 x 1 x2,1x2 x 1,2 x 1 x 1) give rise to a series of 70 possible
configurations, and thanks to the symmetric degeneracy present in the system'®1°, the number of configurations N decreases to
39 (12 for 1 x 1 x2, 14 for 1 x2 x 1 and 13 for the 2 x 1 x 1 supercell). For the m-phase, 40 possible configurations exist,
whereas for the t-phase, 26 different supercell configurations are found. The FIR spectrum for each configuration can be found
in the SI (from Fig. S8 to S16). To thermodynamically evaluate the configuration’s distribution, the weighted average for each
supercell crystal structure (m-, polar o- and t-phases) of FIR spectra is presented in Fig. 4.These reported theoretical IR spectra,
here called Iy (v, T), are obtained from the I; (V) IR spectra corresponding to each of the N configurations for the 3 different
supercells for each phase!6, following:

=

Iviv,T)=Y P.(V,T)xI;(Vv) (H

i=1

and by using the Boltzmann occupation probability, P; (V,T), given by?:
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Simulated TO Frequencies (cm™ 1)

Tetragonal (137, P4>/mnc) Orthorhombic (29, Pcay;) Monoclinic (14, P2,/c)
energy = 89 meV energy = 52 meV energy = 0 meV
Mode Simulation Observed Mode Simulation Observed Mode Simulation Observed
Symmetry HZ0O10 | Symmetry HZ021 | Symmetry HZ052
E, 116 ~100 Ay 136 160
B 238 237 B, 230 234
Aoy 325 335 B, 255 260 Ay 249 257
Aq 333 335 B, 337 333
E, 447 445 B, 397 404 A, 405 408
Aq 460
B 530 497 B, 503 483
Ay 594 576
Ay 597 613
B, 640 636
B, 748 B, 738 673

Table 1. Theoretical TO frequencies together with their symmetries and comparison with observed values. The symmetry
modes were taken from ZrO, simulations, owing to complexity of HZO analysis. Experimental frequencies were taken from
the fit (for each corresponding thickness) and only the values that match the theoretical ones are present (see Table 2 for all
experimental values). Although all samples present a mix of various phases, for simplicity, the t-phase simulation is compared
with the 10 nm HZO sample (HZO10), the polar o-phase with the 21 nm (HZO21) and the m-phase with the 52 nm one
(HZ052). In bold, the theoretical polar modes are highlighted, implying DFT modes with TO-LO shift > 200 cm~! (LO stands
for longitudinal optical mode). Reported formation energies in meV are normalized to the lowest energy of the m-phase.

m; exp

( kTIT) . . E;
—a with Q—i;miexp <— ) 2

P(V,T) =
' (V. T) Tl

In Eq. 2, E; is the total energy of the i’ configuration per chemical unit (1 Hf/Zr + 2 Oxygen atoms) at its optimized
geometry with volume V, neglecting the zero-point energy, m; is the multiplicity of the i*” configuration, T is the temperature
in Kelvin and kg is the Boltzmann’s constant. The choice of T is done by analyzing the film’s deposition process: sputtering
at room-temperature (300 K) and further annealing at 723 K. As the desired phases are only obtained during annealing, the
temperature chosen for averaging the spectra is T = 723 K.

Discussion of Results

Spectroscopic Measurements and Simulations

The assignment to either the m-phase P2;/c, which is the most stable phase at room temperature, and the desired polar o-phase
Pca2, is challenging because both phases exhibit a plethora of far-infrared (FIR) bands. Moreover, the growing process can
result in a mix of structures within the material. Room-temperature X-ray diffraction (XRD) measurements (see Fig. S2 of the
SI) confirmed the mix of structures for films of 11 and 21 nm. The calculated diffractogram for the three phases of HZO are
presented in the SI (Figure S2). The very large number of peaks and their look alike diffractogram make it hazardous to base
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Figure 4. IDFT far-infrared weighted average spectra for the HZO supercells for the (a) stable m-phase (14, P2,/c), (b)
polar o-phase (space group 29, Pca2,) (c) t-phase (P4,/nmc). Inside each crystal structure family, the many configuration
spectra are averaged using the degeneracy of each configuration, together with its Boltzmann probabilistic weight at T =723 K.

the assignment of the thin films to one (or a combination of) crystallographic structure. However, one series of peaks between
260= 12-14 seems to vary significantly from one structure to the other (see insert of Fig. S2). Indeed, in this range, two peaks
are calculated for the monoclinic phase, while the calculation for both orthorhombic and tetragonal ones leads only to one
peak at an intermediate position around 23°. In contrast, in this 20 range, the diffraction measurements on HZO11 shows three
peaks while there are only two intense peaks for HZO21 and a tiny third peak in between them. This observation suggests that
the HZO21 film contains more monoclinic than the HZO11 one, both being a mix of monoclinic with either orthorhombic or
tetragonal phase. In the following, we will see that a comparison of the phonon structures observed for the various films grown
under various conditions with the simulated infrared spectra for the various HZO phases allows not only a non-ambiguous
identification of the phases present inside the samples, but also their quantification.

The analysis of the main IR bands obtained from DFT simulations can help identify the type of collective atomic vibration
responsible for such bands. Table 1 summarizes the theoretical and experimental frequencies, as well as the mode symmetries,
for the three main phases. It also reports the formation energies for each phase in meV, normalized to the energy of the m-phase.
Regarding the type of vibration, the theoretical m-phase presents pure bending modes for the 230 and 249 cm™! bands, whereas
the other bands are a mix of both stretching and bending. In a similar fashion, the polar o-phase presents 136, 255 and 397
cm~! bands as fully bending modes, and finally the t-phase presents only the 325 cm™! as pure bending.

In light of these theoretical results, experimental far-infrared bands can be tentatively assigned to the m- and polar o-phases
in ferroelectric samples: in Fig. 2, for thickness corresponding to dominant monoclinic, the experimental 247 cm™! band
characteristic of the polar o-phase (HZO11) splits into 234 and 257 cm™~! bands characteristic of the m-phase (HZO52). This
is in accordance with similar bands in our DFT results in Fig. 4a-b for m-phase 14 and o-phase 29 (Table 1). Therefore, the
A-symmetry modes at around 130 and 460 cm~! and the B modes at 530 and 640 cm™! can be used to identify the polar
o-phase, as it is known for hafnia'®. This is an important distinction when comparing it with the m-phase of similar IR signature.

Regarding the 10 nm sample, it has been fabricated using a low-pressure method (Fig. 1b), in which the t-phase is favoured
relative the polar o- or m-phases. One can notice however, that its phonon profile seems globally similar to the m-phase,
significantly differing from the simulated t-phase spectrum (see DFT section, Fig. 4c, t-phase 137). Nevertheless, the most
striking feature is the large (~50 cm™~! width) band centered at about 100 cm ™! (refer to Fig. S3 and S4a for better visualisation).
This band seems to be intrinsically related to the t-phase, as it is not present in any other thickness. Our DFT results in Fig. 4c
show three very intense bands for this t-phase, implying 116, 325 and 447 cm~!. We can therefore suggest that the very intense
100 cm~! band present in the 10 nm sample corresponds to the 116 cm ™! band predicted by DFT. Other interesting remarks for
the HZO10 spectrum in Fig. 2b are: (i) the experimental 252 cm™! band is not doubled as expected for a sample containing in
part the m-phase, and (ii) one observes a shoulder band around 445 cm™!, in accordance to the expected DFT t-phase band at
447 cm~! (Fig. 4c). We can therefore conclude that the 10 nm sample is a mix of t- and m- phases.

As mentioned earlier, the HZO films are a mix of two phases: tetra + m-phase for(HZO10) and polar ortho + m-phase
for (HZO11-21). The quantification of such crystal phases mix that constitute the HZO films can be achieved by carrying a
weighted average of the DFT spectra of different compositions of tetra + m-phase and polar o-phase + m-phase. To determine
the proportions of each phase, one can vary the averaging of two DFT FIR spectra from 0% of t-phase and 100% of m-phase,
until 100% t-phase and 0% m-phase in steps of 10% (see examples in Fig. S6 and S7). To evaluate which composition
(percentage of phases) is the closest to the experimental FIR spectra, one can then quantify the similarity between the spectra
using an evaluation metric, using the well known coefficient of determination R, as demonstrated in previous studies for the
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Samples Experimental IR Frequencies in cm™: @ro
(@r0)
HZO52 234 257 304 333 408 483 522 576 610 673
(234) (266) (-) (365) (459) (547) 547 (589) (629) (672)
HZO21 237 260 335 404 497 613 636
(~241) (269) (367) (479) (557) (587)  (647)
HZO17 160 236 259 334 404 496 612 641
77 (~246) (268) (368) (486) (560) (~620) (785)
HZO11 149 247 334 404 496 589 612
(~170) (270) (368) (486) (534) (589)  (624)
HZO10 113 194 252 338 402 445 495 581 700
(~170) (~218) (271) (373) (529) (~500) (529) (688) (859)

Table 2. Experimental HZO IR frequencies for multiple film thickness (52, 21, 17, 11, 10 nm). The transverval mode
frequencies wro are taken as maxima of the corresponding absorbance spectra, whereas longitudinal mode frequencies @,
inside parenthesis under ro, are taken from the maxima of the dielectric loss function —Im(1/¢€) = &/ (€} + €7) (Fig. S5) as
this function describes the system response to the longitudinal displacement of atoms. HZO10 is a mix of t- and m- phases,
HZ052 is m-phase and the others are a mix of m- and polar o- phase (ferroelectric). Similar frequencies are vertically aligned
for clarity. HZO10 presents bands at 113 and 445 cm ™! attributed to the t-phase. Simulated frequencies can be found in Table 1.

extraction of quantitative information from IR data®’>?>. By minimizing R?, one obtains the DFT mixed compositions closest
to the experimental ones. To do so, both theoretical and experimental spectra were scaled to 1 using a scaling factor. Fig. 5
compares the experimental FIR spectra of HZO films with the mixed-phases’ spectra with minimum R”. The comparison
between HZO10 (Fig. 5a) and the different percentages of DFT mixed-phases yields the highest R> = 0.4138 for the 70%
m-phase + 30% t-phase. For the ferroelectric samples HZO11, the highest R*> was 90% (0.7133), for HZO17 70% (0.8281) and
HZO021 60% (0.8858) of polar o-phase, plotted in Fig. Se. The mostly m-phase HZO52 sample yields the highest R? of -0.5243
for 100% m-phase. The negative value of R? indicates lower correlation between experimental and theoretical data, most likely
coming from the higher background in Fig. Sc. These results were verified using three error evaluations (mean absolute error,
mean squared error and root-mean squared error) which yielded similar percentage trends. This analysis based on measured
and theoretical IR data allows therefore a quantification of crystal phases in thin films, which is not possible with more standard
X-ray diffraction measurements in the present case.

We now examine whether the modifications present in the temperature dependent measurements (Fig. 2¢-d) help to clarify if
a phase transition occurs in HZO thin films at high temperatures when compared to bulk HZO. At low temperatures (13 K to 297
K, Fig. 2d), the 17 nm HZO film presents the gradual increase in intensity of the 478 cm~! band, possibly corresponding to the
more stable monoclinic phase (see Fig. 4a for the DFT spectra of the m-phase). This measurement also helps to better correlate
the DFT simulated phonon bands to the experimental ones, as the DFT calculation are carried out for an infinity structure at 0
K. At high temperatures (Fig. 2c), a slight softening of the main modes at 332 and 404 cm™! is observed, together with the
splitting of the 600 cm~! band into 574 and 615 cm~!. Although the first high-temperature phase in bulk HZO materials is the
t-phase (at about 1700°C (1973 K) for hafnia and 1170°C (1443 K) for zirconia), the frequencies of the observed new bands
(574 and 615 cm™ ) do not correspond to any predicted t-phase bands (Fig. Ic). Contrary to what is expected, this temperature
effect is attributed to a possible reinforcement of the polar o-phase, as DFT simulations predict two bands at about 590 and 640
cm~! (Fig. 4b). This is an important result, as it suggests that the heating of these very thin films does not causes the loss of
ferroelectricity, as would be expected from its parents’ phase diagram (transition to t-phase, Fig. 1a). This result may support
the use of such films for technological applications in which the sample is heated up to high temperatures.

Extraction of Optical Functions

To extract the optical properties of HZO thin films, a Drude-Lorentz model can be used. By fitting a Kramers-Kronig constrained
function process, one can obtain the complex optical parameters: comples dielectric function (&; and &), refractive indexes (n
and k) and the conductivity function (o] and 6,). To achieve a good fit, one needs a broadband IR measurement. We therefore
carried measurements from 15 to 5500 cm™!. The input parameters are the film thickness, the angle of incidence (80°), the
IR absorption data, together with a series of oscillators that act as a starting point for the fit algorithm. A Lorentz oscillator
is described by its frequency (ay), its intensity (cof,L) and scattering rate . In order to implement the Drude-Lorentz model,
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Figure 5. | Comparison between far-infrared (FIR) spectra of experimental HZO thin film measurements (a-c) and
theoretical mixes (d-f) of different compositions of DFT supercell spectra for the HZO compound. Experimental FIR
spectra are (a) HZO10 (b) HZO11, HZO17 and HZO21, (c) HZOS52. The theoretical DFT FIR spectra mixes are (a) 70%
t-phase (P4,/nmc) + 30% m-phase, (b) from 60 to 90% polar o-phase (space group 29, Pca2;) mixed with corresponding 40 to
10% m-phase, (c) 100% stable m-phase (14, P2,/c).

REFFIT?? software was exploited. The algorithm is implemented in what is called the "Variational Dielectric Function" (VDF)
method?*. This VDF method, also referred as "free-shape" method, uses the Drude-Lorentz oscillator function to fit the data
point-by-point, as any physical dielectric function can be approximated with very good accuracy by some set of Lorentzian
oscillators?*. For ferroelectric HZO21, the starting point is a model based on 7 fixed oscillators, with frequency @y based on
the maxima of the absorbance spectra (see Table S1 in the SI for details), in accordance with the IR active oscillators of highest
intensity predicted by the DFT calculations.

In Fig. 6a, we report the resulting VDF fit (orange) together with the broadband IR data for HZO21 (blue line). A good
accuracy of the fit can be observed. Figures 6b-d report the optical functions extracted: the dielectric function (b), refractive
index (c) and optical conductivity (d). Fig. 6b shows the real (€1, blue line) and imaginary part (&, orange line) of the dielectric
function for the HZO21 at room temperature (all fitting starting point parameters are reported in Table S1 of SI). From the
real part of the dielectric function € in Fig. 6b, one can extract &, the static dielectric constant (¢, = € (@ = 0)). For sample
HZO021, one obtains & = 29, in agreement with previous studies for doped-HfO,”-!! and is in reasonable agreement with our
DFT calculations results for the polar o-phase (22, Table 3).

To expand the & analysis, Fig. 7a reports € for all thickness and phases. The high quality of the fit can be observed in
Fig. 7b for all thicknesses. Table 3 presents the extracted & for all samples, together with simulated and literature values.
Interestingly, HZO17 (polar o-phase) sample reveals a & value of 24 (see also Fig. S4 in the SI), a lower static dielectric
constant than its polar o-phase counterparts HZO11 (27) and HZO21 (29). This lower & may favor a lower retention time in
devices, giving rise to better ferroelectric properties in thinner films. The most striking & value is, however, the one associated
to HZO10 (t-phase), reaching 56 in comparison with the maximum value of 29 (HZO21) for the polar o-phase samples, the
theoretical & value for the t-phase falling in the range 60-70%. Note that DFT simulated & are second rank tensors represented
by matrices'*. Each supercell configuration generates one & matrix. Using the weighted average taking the Boltzmann
occupation probability, P; (V,T), we obtain the averaged & matrix for one phase. To obtain a scalar & value, the matrices were
diagonalized and the average value for the diagonal was taken for the polar o-phase and m-phase. For the t-phase, however,
the & along the ¢ direction (60) was taken as it was closer to the experimental value (56), indicating a possible preferential
orientation of the film in this direction. A visual comparison between the extracted from fit and DFT calculated & values is
presented in Fig. 8.

The fit of the IR broadband data allows also inferring the longitudinal frequency modes (@; o) that are not directly measured
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by absorption. ¢ for many modes are taken from the maxima of the dielectric loss function —Im(1/€) = &,/(¢? + €3), and
are summarized in Table 2. The dielectric loss functions are reported in Fig. S5 for all samples, together with the corresponding
absorbance data. In our polar o-phase samples, the mode with the highest TO-LO splitting (84 cm™!) is at 404 cm ™!, which is
a B| symmetry mode with only bending characteristics.

In summary, the VDF method implemented in the REFFIT software allows a "free-shape" fitting of the absorption data,
being particularly useful for thin films as one can easily input the sample thickness and angle of incidence. The fit allowed the
extraction of different optical functions that characterize each materials’ crystal phase, and ultimately the extraction of the static
dielectric function & and LO mode frequencies, which are parameters intrinsically related to ferroelectric properties.

Conclusion

We investigated multiple HZO film of thickness 10, 11, 17, 21 and 52 nm using IR spectroscopy and interpreted the spectra
based on DFT calculations adapted to the study of solid solutions. Such interpretation remains ambiguous with X-ray diffraction
method. To investigate the three main phases, we provided a complete IR spectroscopic overview of the HZO thin film
materials, together with the extraction of optical properties (dielectric function, refractive index, optical conductivity, TO and
LO modes) from broadband IR measurements. By comparison with supercell DFT calculations for t-, polar o- and m- phases,
we observe characteristic FIR bands that can be used as signatures for identifying the ferroelectric phase in HZO thin films.
This comparison confirms that the argon pressure during film deposition and its thickness have direct influence on the final
crystal structure: t- and m- phases for HZO10, polar o- and m- phase for HZO11 to HZO21 and m-phase for HZOS52, pointing
out at the role played by the strain’. We also verify that the m-phase is the most stable and the polar o-phase is responsible for
ferroelectricity in such films. Beyond that, the quantification of mixed phases inside HZO thin films is possible thanks to the
averaging of t-/m-phase and polar o-/m-phase DFT spectra for multiple compositions. By taking advantage of the coefficient of
determination R?, DFT spectra of mixed-phases are quantitatively compared to experimental ones, allowing quantification of
the percentage of each phase inside the films. Concerning the temperature resolved measurements, the polar o-phase seems
to be stable even at high-temperatures, an important result for some applications in which heating up the sample is needed.
Therefore, IR spectroscopy coupling measurements and theoretical calculations emerges as an important tool to characterize
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Figure 7. | Real part of the dielectric function € and IR absorbance data and fit for multiple thickness (a) The optical
function €; was obtained through a Kramers-Kronig constrained variational fitting carried for multiple film thickness: 10 nm
(t-phase); 11, 17 and 21 (mix polar o-, m-phases); 52 nm (m-phase). (b) IR absorbance data (full-lines) and fit (dashed-lines)
for the same films. Notice that both (a) and (b) plots are in logarithm scale. The inset in (b) shows a magnification on the
far-infrared region (normal frequency scale).

ferroelectric materials, especially allowing the identification of signature polar bands.

Methods

Sample Preparation

Fabrication of HZO thin films is carried out using a magnetron sputtering deposition at room temperature (300 K). To induce
the polar o-phase, high argon pressure was used (5 x 1072 mbar) inside the sputtering system. To induce the t-phase, a lower
argon pressure of 5 x 10~3 mbar is used. The deposition is followed by a rapid thermal annealing at 450 °C for 30 seconds
under a nitrogen atmosphere.

Spectroscopic Measurements

The film optical properties were probed using the infrared spectroscopy beamline AILES (Advanced Infrared Line Exploited
for Spectroscopy), Synchrotron SOLEIL?. Exploiting the high brightness of the synchrotron radiation source. THz and FIR
spectra in the 15 — 600 cm™! range and MIR spectra (up to 5500 cm™!) were obtained using a Bruker IFS125HR Fourier
transform spectrometer evacuated at pressures lower than 10~* mbar to avoid absorption by water and residual gas. The
(15 — 60 cm™ 1) spectral range was measured with a resolution of 0.5 cm~! using a 50 microns Mylar beamsplitter combined
with a bolometer cooled at 1.6 K, having a signal-to-noise ratio of 1700:1. For the (40 — 600 cm~!) range, a spectral resolution
of 2 cm~! was chosen. A 6 microns Mylar beamsplitter combined with a bolometer cooled at 4.2 K complete the set-up. A low
vibration pulse tube cryostat was used to achieve temperatures down to 13 K from room temperature. This system contains a
sample holder which is mechanically decoupled from its cold finger, allowing minimum sample vibrations. High temperature
measurement were performed using the T95 Linkam oven manually adapted to the spectrometer.

Computational section - Density Functional Theory Calculations

Ab initio calculations were carried out using the 2017 version of the CRYSTAL quantum solver'#, which is based on a
linear combination of atomic orbitals (LCAO) for the crystalline orbitals (CO) expansion. More precisely, CRYSTAL uses
Gaussian-type functions (GTF) as atomic orbitals (AO) basis sets (BS). Here, we chose the common (popular among CRYSTAL
users) pob-TZVP-rev2 basis sets for the three elements Zr, Hf and 0260:27 For Zr and Hf, only valence electrons are treated
explicitly, core electrons being described through fully relativistic effective core potentials of the Stuttgart/Cologne group.
As the BS were optimized using the PW 1PW functional®®, we chose to carry out the simulations using the same functional.
Sampling of the Brillouin zone was performed through the Pack-Monkhorst method using a (8/1) x (8/m) x (8/n) k—points
grid in the reciprocal space with [ = m = n = 1 for the pristine cells and with / and/or m and/or n = 2 depending on the
supercell shape, e.g. [ =2 and m =n =1 for a2 x 1 x 1 orthorhombic or monoclinic supercell and / =m =2 and n = 1 for
a2 x 2 x 1 tetragonal supercell. 10719, 10710, 10719, 10~!2 and 10~2* thresholds were adopted for the Coulomb integrals
overlap, Coulomb integrals penetration, Hartree—Fock exchange integrals overlap, first exchange pseudo—overlap and second
exchange pseudo—overlap, respectively'*.
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Calculations were performed under symmetry constraints by considering each configuration’s space group and for the
supercell calculations, we forced also each configuration to remain in the original crystal system (tetragonal, orthorhombic
or monoclinic) when needed. When possible, we used symmetry operations to find smaller supercells®, in order to shorten
the calculation time. We have named each of these configurations by a letter ranging from A to N. The space group of each
configuration can be found in Table S2 of the SI. As a first step, each configuration structure was determined by optimization of
its cell parameters and atomic positions, through minimization of the total energy. Each step of the optimization consisted in a
self-consistent field (SCF) cycle, performed with an energy tolerance of 10~'? Ha. Convergence of the structural optimization
procedure using the Broyden-Fletcher-Goldfarb-Shanno algorithm with the ‘trust radius’ method (initial value of trust radius
set to 0.1 Bohr and maximum value allowed for the trust radius set to 0.3 Bohr) was considered to be achieved when all the
forces, analytically calculated, were below 0.000045 Ha.Bohr~! and their root-mean-square (RMS) was less than 0.00003
Ha.Bohr~!. Moreover, maximum atomic displacements between two successive steps had to be less than 0.00012 Bohr and
their RMS less than 0.00018 Bohr. Last, the energy tolerance was set to 10~ Ha. Note that theoretical data have not been
corrected for the zero-point energy since it has negligible influence on the values of the mode frequencies.

Once all structures were optimized, the Hessian matrix elements were computed by a 3-point numerical estimate of
the second derivatives of the total energy. Then, numerical diagonalization of the mass-weighted Hessian led to harmonic
vibrational frequencies of the transverse optical (TO) mode at the I" point and their IR intensities were obtained through
Berry phase approach using the atomic Born tensors obtained by numerical differentiation, as implemented in the CRYSTAL
code®®3!. The Berry phase method consists of using the atomic Born tensors, which are the derivative of the dipole moment as
a function of the atomic displacements, as the differences in polarization between the central and the distorted geometries. This
polarization change is then equivalent to the time-integrated transient macroscopic current that passes through the insulating
material during the vibrations. Assuming Lorentzian-shape peaks for this study, we chose a full width at half maximum
(FWHM) of 30 cm™! since it turned out that it was the value that allowed the best comparison with the experimental data.
Then, density functional perturbation theory (DFPT) was applied to compute the polarizability*>—3*. To do so, a self-consistent
coupled-perturbed (SC-CP) procedure was run until the difference between the matrix elements of two SC-CP consecutive
iterations is under the threshold of 10~* a.u. Hence, the values of the dielectric tensor .. (at infinite frequency) were used for
the determination of the theoretical static dielectric constants.

Grazing Incidence X-ray Diffraction

The grazing incidence x-ray diffraction (GIXRD) experiments were performed at the SixS beamline (Synchrotron SOLEIL)
using a photon energy of 18.43 keV. The samples having a size of 5 x 5 x 0.5 mm? were measured using the UHV end-station
with a background pressure in the low 10 -10 mbar regime. For each sample, the incident angle was chosen in order to optimize
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Static Dielectric Constant &
Samples
Experimental Simulated Literature

HZO52 22 17 (m-) 16-26
HZO21 29

HZO17 24 22 (polar o-) 25-31
HZO11 27

HZO10 56 60 (t-) 48-70

Table 3. Different values for the static dielectric constant & for HZO samples in multiple film thickness (52, 21, 17, 11, 10
nm). HZO10 is a mix of t- and m- phases, HZO52 is m-phase and the others are a mix of m- and polar o- phase (ferroelectric).
The literature> -8 !! and simulated & values reported for HZO10 are the ones for t-phase, for HZO11 to HZO21 are polar
o-phase, and for HZOS52 are the m-phase. Note that DFT simulated &; are second rank tensors represented by matrices. Each
supercell configuration generates one & matrix. Using the weighted averaged taking the Boltzmann occupation probability,
P;(V,T), we obtain the averaged & matrix for one phase. To obtain a scalar & value, the matrices were diagonalized and the
average value for the diagonal was taken for the polar o-phase and m-phase. For the t-phase, however, the & value along the ¢
direction (~ 60) was taken as it was closer to the experimental value (56), indicating a possible preferential orientation of the
film in this direction.

the signal-to-background ratio and it was 0.14°and 0.2°for HZO11 and HZO21, respectively. A 2D hybrid pixel detector
(XPAD S70) was used to collect the diffracted intensity and the BINoculars® program was used to process the whole data set
(see Fig. S2 of SI).
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Supplementary information

Some additional data about (1) Ferroelectric P-E Loop; (2) XRD diffractograms for HZO11 and HZO21 samples at room-
temperature with theoretical polar o-phase, t-phase and m-phase peak positions generated from a CIF file ; (3) FIR absorbance
spectra normalized for all HZO films (4) Extraction of optical functions for all 5 films; (5) Dielectric loss function extracted from
the Variational Dielectric Function fit (VDF) using the REFFIT software; (6) Table S1 : parameters based in a Drude-Lorentz
oscillator function for the Variational Dielectric Function fit ; (7) Table S2: Space groups for all configurations of the t-, polar o-
and m- phases; (8) Fig. S6: Different mixing compositions for two HZO phases: o-phase and m-phase, ranging from 100%
to 0% m-phase; (9) Fig. S7 Different mixing compositions for two HZO phases: t-phase and m-phase, ranging from 100%
to 0% m-phase; (10) S8 to S16 : DFT IR spectra for all supercell for t, o, m-phases in all 3 directions; (11) Figures S17 to
S19: crystal structures for t-, m- and polar o-phases in three configurations denoting how the two mixed atoms Zr and Hf
are labeled; (12) Tables for t-, polar o- and m- phases with all configurations, schemes for the positions of Zr and Hf atoms,
energies, multiplicities and population percentages.

Ferroelectric P-E Loop
Fig. S1 shows the ferroelectric polarisation vs electric field loop. To verify the ferroelectric aspect of the films, the same

deposition method was carried on doped Si, and a extra TiN layer was deposited on top of the HZO film, in order to have the
necessary electrodes to probe the hysteresis loop.

Wake up

Polarisation (uc/cm?)

Voltage (V)

Figure S1. | Ferroelectric polarisation vs electric field loop. Results are shown for multiple cycles
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Experimental XRD
Fig. S2 shows the XRD diffractograms for HZO11 and HZO21 samples at room-temperature. The blue lines mark the
theoretical polar o-phase peak positions, whereas the red ones are the m-phase peak positions generated from a CIF file.
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Figure S2. | XRD diffractograms for HZO11 and HZO21. The red vertical lines show the theoretical m-phase, whereas the
green ones are the polar o-phase and the gray ones are the t-phase peak positions respectively.
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Experimental IR

Fig. S3 shows the FIR spectra for all thickness with absorbance normalized to 1.
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Figure S3. | IR absorption measurements for all HZO thickness normalized to 1. Results are shown in normalized

absorbance scale (a. u.) and help to clarify the different phonons signatures from each sample.
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Extraction of Optical Functions
Fig. S4 shows the complex dielectric function (& and &), complex refractive index (n and k) and the complex conductivity
functions (o and o») for HZO10, HZO11, HZO17 and HZO52.
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Figure S4. Each panel displays the absorbance data and its fit, the dielectric function, refractive index and optical conductivity
for (a) HZO10; (b) HZO11; (¢c) HZO17; (d) HZOS2.

Fig. S5 shows the absorbance spectra together with the dielectric loss function —Im(1/€) = &, /(€] + €7), extracted from
the Variational Dielectric Function (VDF) fit?* using the REFFIT software”3. Table S1 reports the starting-point parameters
based in a Drude-Lorentz oscillator function for the VDF algorithm.
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Dielectric loss function

F0.07

10 HZO 10 nm
— Loss Function | pog
08 ﬁ ~ === pbsorbance
: U~ L
A F 0.05
i ’ “ (=1
[ a
0.6 '.' b roo4
roo3
r0.oz
F0.01
r0.0o
02 0.01
200 400 600 800 1000
Wavenumber [cm~1)
1.0 HZO 11 nm FO.06
—— Loss Function
08 ;‘r a --- pbsorbance  pos5
If‘:.'
ro.04
1 +
0.6 n =
[ i
[T r0.03
04 W’? JIJ ‘\\ 4” |
m ' - ro.oz
02
roo1
0.0
r0.00
0.2 001
200 400 600 800 1000
Wavenumber (cm~!)
10 HZO 17 nm
3 —— Loss Function
n --- Mbsorbance [0.08
08 v
1
|
0.6 | t0.06
|
04 ro.04
0.2
ro.oz
00 -~ NN
r0.00
-0z
200 400 600 800 1000
Wavenumber (cm™!)
roiz
10 - 5 HZO 2L nm
Qa 1 —— Loss Function
1 L
i --- Absorbance 0.10
08 ri
g
R roos
06 [ Y
[ I 1
[ I
Py to.06
04 R :
[V
1
. ! \ F0.04
. '
0.0
—0.2
200 400 600 800 1000
Wavenumber [cm~1)
m
10 g HZO 52 nm
II,l —— Loss Function [0.20
i B === Absorbance
0.8 g
[
. toas
06 Py
Porr
[ N Y
I ‘I’ v m
@
= rolo
r0.05
r0.oo
400 600 800 1000

200

Wavenumber (em!)

‘n'e 22ueqIosSqQy

20/37

Figure S5. Dielectric loss function (blue curves, left vertical axis) and absorbance data (green dashed curves, right vertical

axis) for all sample thickness.



’Sample‘ wy ‘wp‘ F‘

HZO10 | 100 | 594 | 101
190 | 403 | 97
250 | 389 | 66
335 | 614 | 61
406 | 648 | 73
500 | 376 | 84
591 | 600 | 97
760 | 543 | 215
1040 | 537 | 351
HZOI11 | 154 | 580 | 167
230 | 123 | 18
255 | 215 | 31
331 | 334 | 21
404 | 540 | 68
510 | 163 | 53
610 | 107 | 28
HZO17 | 160 | 483 | 181
235 | 166 | 29
260 | 140 | 23
335 | 573 | 53
406 | 551 | 68
500 | 301 | 62
610 | 237 | 51
800 | 75 | 48
HZzO21 | 157 | 325 | 153
235 | 148 | 17
260 | 241 | 31
335 | 462 | 31
400 | 520 | 51
500 | 378 | 71
610 | 164 | 34
HZOS52 | 154 | 442 | 152
228 | 92 11
255 | 254 | 41
332 | 463 | 39
406 | 478 | 51
485 | 415 | &4
574 | 93 | 21
619 | 347 | 110
851 | 839 | 423

Table S1. Starting-point parameters based in a Drude-Lorentz oscillator function for the Variational Dielectric Function

algorithm.
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DFT Calculations

Tetragonal Orthorhombic Monoclinic

(t-, 137 P4y/nmc) (polar o-, 29 Pca?2,) (m-, 14 P2,/c)
Configuration 122 212 221 112 121 211 | 112 | 121 | 211
A P2;/m | P2y/m | P2;/m | Pc P1 Pc | P2y | Pc | P1
B Pm Pm P1 P1 P1 P1 Pl | P1 | P1
C Pmm2 | Pmm2 | P4ymc | Pl P1 P1 P1 P1 P1
D Pm Pm P1 P1 P1 P1 Pl | P1 | P1
E Pmc2; | Pmc2; Pl Pl Pl P2, | PI P1 Pl
F Pmmn | Pmmn | P4m2 P1 P24 P1 P1 P1 P1
G Pmm2 | Pmm?2 P1 P1 P1 Pl | P1 | P1
H P1 P1 P2, P1 P2, | P1 | PI P1
I P4m2 | P4m2 P1 | Pna2; | P2y | P1 | P1 | P1
J Pmmn | Pmmn Pc Pc P2, | P2; | P2y | P2
K Pc P1 P1 Pl | P1 | P1
L Pc P1 Pc | P2y | Pc | P1
M Pc Pc Pc Pc P1
N Pna2, P1

Table S2. Space groups for all configurations of the t-, polar o- and m- phases.
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Figure S6. Different mixing compositions for two HZO phases: o-phase and m-phase, ranging from 100% to 0% m-phase.
Both theoretical spectra has their intensities normalized to the 3-atom elemental unit HfZrO,.
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Figure S7. Different mixing compositions for two HZO phases: t-phase and m-phase, ranging from 100% to 0% m-phase.
Both theoretical spectra has their intensities normalized to the 3-atom elemental unit HfZrO,.
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Figure S8. DFT IR spectra for all supercell configurations of the polar o-phase in the 1x1x2 direction.
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Figure S9. DFT IR spectra for all supercell configurations of the polar o-phase in the 1x2x1 direction.

26/37



300 300

200 200

100 100

0

308 300

100 100

0

308 300

100 100

3080 308
5
E
=4
z2
"

§ 100 100
I=

0 0

300 300

200 200

100 100

308 300

200 200

100 100

0* 0

300

200

100

0 : : :
0 200 400 600 800

Frequency (cm~1)

Figure S10. DFT IR spectra for all supercell configurations of the polar o-phase in the 2x1x1 direction.
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Figure S11. DFT IR spectra for all supercell configurations of the m-phase in the 1x1x2 direction.
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Figure S12. DFT IR spectra for all supercell configurations of the m-phase in the 1x2x1 direction.
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Figure S13. DFT IR spectra for all supercell configurations of the m-phase in the 2x1x1 direction.
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Figure S14. DFT IR spectra for all supercell configurations of the t-phase in the 2x2x1 direction.
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Figure S15. DFT IR spectra for all supercell configurations of the t-phase in the 2x1x2 direction.
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Figure S16. DFT IR spectra for all supercell configurations of the t-phase in the 1x2x2 direction.
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XXYyXzZ polar o-phase 1 x 1 x 2 (configuration H)
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Figure S17. Crystal structure for the polar o-phase HZO in the 1 X 1 x 2 direction in space, for configuration H (see Table S3)

The scheme denotes how the two mixed atoms Zr and Hf are labeled and give rise to the different configurations possible of the
HZO solid solution.

XXYXZ t-phase 1 x 2 x 2 (configuration I)
' -
y ©
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Figure S18. Crystal structure for the t-phase HZO in the 1 x 2 X 2 direction in space, for configuration I (see Table S4). The

crystal structure is represented here in this asymmetric unit. The scheme denotes how the two mixed atoms Zr and Hf are
labeled and give rise to the different configurations possible of the HZO solid solution.

XX Y Xz m-phase 1 x 1 X 2 (configuration K)
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Figure S19. Crystal structure for the m-phase HZO in the 1 x 1 x 2 direction in space, for configuration K (see Table S5).

The scheme denotes how the two mixed atoms Zr and Hf are labeled and give rise to the different configurations possible of the
HZO solid solution.
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Configurations (polar o-phase)

HZO_211_A
HZO_211_B
HZO_211_C
HZO_211_D
HZO_211_E
HZO_211_F
HzZO_211_G
HZO_211_H
HZO_211_1
HZO_211_]
HZO_211_K
HZO_211_L
HZO_211_M
HZO_121_A
HZO_121_B
HZO_121_C
HZO_121_D
HZO_121_E
HZO_121_F
HZO_121_G
HZO_121_H
HZO_121_1
HZO_121_]
HZO_121_K
HZO_121_L
HZO_121_M
HZO_121_N
HZO_112_A
HZO_112_B
HZO_112_C
HZO_112_D
HZO_112_E
HZO_112_F
HZO_112_G
HZO_112_H
HZO_112_1
HZO_112_]
HZO_112_ K
HZO_112 L

Position of atoms

Zr-Hf-Zr-Hf-Zr-Hf-Zr-Hf
Zr-Zr-Zr-Hf-Hf-Zr-Hf-Hf
Zr-Hf-Zr-Zr-Hf-Zr-Hf-Hf
Zr-Hf-Zr-Hf-Zr-Zr-Hf-Hf
Hf-Zr-Hf-Zr-Zr-Hf-Zr-Hf
Zr-Zr-Zr-Hf-Hf-Hf-Zr-Hf
Zr-Hf-Zr-Zr-Hf-Hf-Zr-Hf
Hf-Zr-Hf-Zr-Hf-Zr-Hf-Zr
Zr-Zr-Zr-Zr-Hf-Hf-Hf-Hf
Hf-Hf-Zr-Zr-Hf-Hf-Zr-Zr
Zr-Zr-Hf-Hf-Hf-Zr-Hf-Zr
Hf-Zr-Zr-Hf-Zr-Hf-Zr-Hf
Hf-Hf-Zr-Zr-Zr-Zr-Hf-Hf
Hf-Zr-Hf-Zr-Hf-Zr-Hf-Zr
Zr-Zr-Zr-Hf-Zr-Hf-Hf-Hf
Zr-Hf-Zr-Zr-Zr-Hf-Hf-Hf
Zr-Hf-Zr-Hf-Zr-Zr-Hf-Hf
Zr-Hf-Zr-Hf-Zr-Hf-Hf-Zr
Zr-Zr-Zr-Zr-Hf-Hf-Hf-Hf
Zr-Zr-Zr-Hf-Hf-Zr-Hf-Hf
Zr-Zr-Zr-Hf-Hf-Hf-Hf-Zr
Hf-Zr-Hf-Zr-Zr-Hf-Zr-Hf
Hf-Hf-Zr-Zr-Hf-Hf-Zr-Zr
Zr-Zr-Hf-Hf-Zr-Hf-Hf-Zr
Hf-Zr-Zr-Hf-Hf-Zr-Zr-Hf
Hf-Hf-Zr-Zr-Zr-Zr-Hf-Hf
Ht-Zr-Zr-Hf-Zr-Hf-Hf-Zr
Hf-Zr-Zr-Hf-Zr-Hf-Hf-Zr
Hf-Hf-Zr-Hf-Zr-Hf-Zr-Zr
Hf-Zr-Hf-Hf-Zr-Hf-Zr-Zr
Hf-Zr-Zr-Hf-Hf-Hf-Zr-Zr
Hf-Zr-Zr-Hf-Zr-Hf-Zr-Hf
Hf-Hf-Zr-Hf-Zr-Zr-Hf-Zr
Hf-Zr-Zr-Hf-Zr-Zr-Hf-Hf
Zr-Zr-Zr-Zr-Hf-Hf-Hf-Hf
Hf-Hf-Zr-Hf-Hf-Zr-Zr-Zr
Hf-Zr-Zr-Hf-Hf-Zr-Zr-Hf
Hf-Hf-Zr-Zr-Hf-Hf-Zr-Zr
Hf-Hf-Zr-Zr-Zr-Zr-Hf-Hf

Energy (meV)
2.03
7.73
7.87
8.16
1.80
7.42
7.56
0.93
0.00
109.15
7.76
9.13
0.51
7.65
6.95
7.91
7.755
8.01
6.83
8.09
7.30
8.40
7.56
7.64
9.43
8.01
6.43
9.88
8.61
7.97
7.95
8.39
7.74
7.73
6.83
7.05
827.69
7.56
8.01

Multiplicity =~ Population at T = 723 K (%)
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2.12
3.88
3.87
3.86
2.13
3.90
3.89
2.16
1.10
0.19
3.88
1.90
1.09
0.97
3.93
3.87
3.88
3.86
0.98
3.86
3.91
0.96
0.97
3.89
0.94
0.96
0.99
1.87
3.83
3.87
3.87
3.845
3.88
3.88
0.98
3.92
0.00
0.97
0.96

Table S3. Table with a scheme for the position of atoms for each configuration for the polar o-phase, as well as its energy
(normalized to the the minimum configuration energy), the configuration’s multiplicity and its population (%) at 723 K. The
notation 211, 121 and 112 refers to the 3 directions of space in which the crystal structure can exist.
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Configurations (t-phase)

Position of atoms

Energy (meV)

Multiplicity ~ Population at T = 723 K (%)

HZO_122 A Zr-Zr-Hf-Hf-Zr-Zr-Hf-Hf  0.00 4 1.92
HZO_122_B Zr-Zr-Zr-Hf-Zr-Hf-Hf-Hf  0.62 16 7.60
HZO_122_C Zr-Zr-Hf-Hf-Zr-Hf-Zr-Hf  0.72 8 3.79
HZO_122_ D Zr-Zr-Hf-Zr-Zr-Hf-Hf-Hf  0.72 16 7.59
HZO_122 E Zr-Hf-Zr-Hf-Zr-Hf-Hf-Zr  0.21 8 3.82
HZO_122 F Zr-Hf-Zr-Hf-Zr-Hf-Zr-Hf  1.63 2 0.93
HZO_122_ G Zr-Hf-Zr-Hf-Zr-Hf-Hf-Zr  1.05 8 3.71
HZO_122_H Zr-Hf-Hf-Zr-Zr-Hf-Hf-Zr  0.67 4 1.89
HZO_122_1 Zr-Zr-Zr-Zr-Hf-Hf-Hf-Hf  0.82 2 0.94
HZO_122 ] Zr-Hf-Zr-Hf-Hf-Zr-Hf-Zr  1.53 2 0.93
HZO_212_A Zr-Zr-Ht-Hf-Zr-Zr-Hf-Hf  0.00 4 1.92
HzZO_212_B Zr-Zr-Zr-Hf-Zr-Hf-Hf-Hf  0.70 16 7.59
HZO_212_C Zr-Zr-Hf-Hf-Zr-Hf-Zr-Hf  0.74 8 3.79
HZO_212_D Zr-Zr-Hf-Zr-Zr-Hf-Hf-Hf  0.62 16 7.60
HZO_212_E Zr-Zr-Hf-Hf-Zr-Hf-Hf-Zr  0.19 8 3.82
HZO_212_F Zr-Hf-Zr-Hf-Zr-Hf-Zr-Hf  1.63 2 0.93
HZO_212_ G Zr-Hf-Zr-Hf-Zr-Hf-Hf-Zr  1.03 8 3.71
HZO_212_H Zr-Hf-Hf-Zr-Zr-Hf-Hf-Zr  0.67 4 1.89
HZO_212_1 Zr-Zr-Zr-Zr-Hf-Hf-Hf-Hf  0.82 2 0.94
H7O_212_] Zr-Hf-Zr-Hf-Hf-Zr-Hf-Zr  1.53 2 0.93
HZO_221_A Zr-Zr-Hf-Hf-Zr-Zr-Hf-Hf  0.00 8 3.84
HZO_221_B Zr-Zr-Zr-Hf-Zr-Hf-Hf-Hf  0.18 32 15.32
Hz7O_221_C Zr-Zr-Hf-Hf-Zr-Hf-Zr-Hf  0.12 8 3.83
HZO_221_D Zr-Zr-Hf-Hf-Zr-Hf-Hf-Zr  0.08 16 7.67
HZO_221_E Zr-Hf-Hf-Zr-Zr-Hf-Hf-Zr  0.65 4 1.90
HZO_221_F Zr-Zr-Zr-Zr-Hf-Hf-Hf-Hf  0.91 2 0.94

Table S4. Table with a scheme for the position of atoms for each configuration for the t-phase, as well as its energy
(normalized to the the minimum configuration energy), the configuration’s multiplicity and its population (%) at 723 K. The
notation 122, 212 and 221 refers to the 3 directions of space in which the crystal structure can exist.
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Configurations (m-phase)
HZO_112_A
HZO_112_B
HZO_112_C
HZO_112_D
HZO_112_E
HZO_112_F
HZO_112_G
HZO_112_H
HZO_112_1
HZO_112_)
HZO_112_K
HZO_112_L
HZO_112_M
HZO_121_A
HZO_121_B
HZO_121_C
HZO_121_D
HZO_121_E
HZO_121_F
HZO_121_G
HZO_121_H
HZO_121_1
HZO_121_]
HZO_121_K
HZO_121_L
HZO_121_M
HZO_211_A
HZO_211_B
HZO_211_C
HZO_211_D
HZO_211_E
HZO_211_F
HZO_211_G
HZO_211_H
HZO_211_1
HZO_211_J
HZO_211_K
HZO_211_L
HZO_211_M
HZO_211_N

Table S5. Table with a scheme for the position of atoms for each configuration for the m-phase, as well as its energy

Position of atoms

Zr-Hf-Zr-Hf-Zr-Hf-Hf-Zr
Zr-Zr-Zr-Hf-Zr-Hf-Hf-Hf
Zr-Hf-Zr-Zr-Zr-Hf-Hf-Hf
Zr-Hf-Zr-Hf-Zr-Zr-Hf-Hf
Zr-Hf-Zr-Hf-Zr-Hf-Zr-Hf
Zr-Zr-Hf-Hf-Zr-Hf-Hf-Zr
Zr-Hf-Hf-Zr-Zr-Hf-Hf-Zr
Zr-Hf-Hf-Hf-Zr-Zr-Hf-Zr
Zr-Zr-Hf-Hf-Zr-Zr-Hf-Hf
Zr-Zr-Zr-Zr-Hf-Hf-Hf-Hf
Zr-Zr-Zr-Hf-Hf-Hf-Zr-Hf
Zr-Hf-Zr-Hf-Hf-Zr-Zr-Hf
Zr-Zr-Hf-Hf-Hf-Hf-Zr-Zr
Zr-Hf-Hf-Zr-Zr-Hf-Zr-Hf
Zr-Zr-Hf-Zr-Zr-Hf-Hf-Hf
Zr-Hf-Zr-Zr-Zr-Hf-Hf-Hf
Zr-Hf-Hf-Zr-Zr-Zr-Hf-Hf
Zr-Hf-Hf-Zr-Zr-Hf-Hf-Zr
Zr-Zr-Hf-Hf-Zr-Hf-Zr-Hf
Zr-Hf-Zr-Hf-Zr-Hf-Zr-Hf
Zr-Hf-Hf-Hf-Zr-Zr-Zr-Hf
Zr-Zr-Hf-Hf-Zr-Zr-Hf-Hf
Zr-Zr-Zr-Zr-Hf-Hf-Hf-Hf
Zr-Zr-Hf-Zr-Hf-Hf-Hf-Zr
Zr-Hf-Hf-Zr-Hf-Zr-Hf-Zr
Zr-Zr-Hf-Hf-Hf-Hf-Zr-Zr
Zr-Hf-Zr-Hf-Zr-Hf-Zr-Hf
Zr-Zr-Zr-Hf-Zr-Hf-Hf-Hf
Zr-Hf-Zr-Zr-Zr-Hf-Hf-Hf
Zr-Hf-Zr-Hf-Zr-Zr-Hf-Hf
Zr-Hf-Zr-Hf-Zr-Hf-Hf-Zr
Zr-Zr-Hf-Zr-Zr-Hf-Hf-Hf
Zr-Zr-Hf-Hf-Zr-Zr-Hf-Hf
Zr-Zr-Hf-Hf-Zr-Hf-Hf-Zr
Zr-Hf-Hf-Zr-Zr-Hf-Hf-Zr
Zr-Zr-Zr-Zr-Hf-Hf-Hf-Hf
Zr-Zr-Zr-Hf-Hf-Hf-Hf-Zr
Zr-Hf-Zr-Hf-Hf-Zr-Hf-Zr
Zr-Hf-Zr-Hf-Hf-Hf-Zr-Zr
Zr-Hf-Hf-Zr-Hf-Zr-Zr-Hf

Energy (meV)
1.24
1.00
0.80
9.93
2.17
0.79
0.58
1.08
1.92
0.00
0.65
1.30
0.33
2.37
1.26
1.27
1.28
1.88
1.16
0.98
0.82
1.92
0.08
0.19
0.39
0.44
9.78
9.93
9.48
9.48
9.86
9.32
10.13
10.13
10.11
8.33
9.33
8.75
9.47
11.51

Multiplicity  Population at T = 723 K (%)

4
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1.99
4.00
4.01
3.46
1.96
4.01
2.01
3.99
0.98
1.01
4.02
1.99
1.01
1.95
3.98
3.98
3.98
1.97
3.99
2.00
4.01
0.98
1.01
4.05
2.02
1.01
0.86
3.46
3.49
3.49
3.47
3.50
0.86
3.45
0.86
0.88
3.50
0.88
0.87
0.84

(normalized to the the minimum configuration energy), the configuration’s multiplicity and its population (%) at 723 K. The

notation 211, 121 and 112 refers to the 3 directions of space in which the crystal structure can exist.
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