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Ferroelectric ZrO2 phases from infrared
spectroscopy†

Ali El Boutaybi, *a Rebecca Cervasio,b Alban Degezelle,a Thomas Maroutian, a

Jean-Blaise Brubach, b Valérie Demange, c Ludovic Largeau,a

Marine Verseils, b Sylvia Matzen, a Guillaume Agnus, a Laurent Vivien,a

Panagiotis Karamanis, d Michel Rérat, d Pascale Roy b and Philippe Lecoeura

We investigate ferroelectric thin films of ZrO2 experimentally and theoretically using infrared (IR)

absorption spectroscopy coupled with density functional theory (DFT) calculations. The IR absorbance is

measured using IR synchrotron radiation, while the theoretical investigations are performed using

CRYSTAL suite of quantum chemical programs. Theoretically, we consider the two polar experimentally

observed orthorhombic Pbc21, and rhombohedral R3m phases, as well as two non-polar phases,

tetragonal P42/nmc, and ground state monoclinic P21/c. Experimentally, we follow two approaches to

enable IR measurements: (i) direct growth of ZrO2 films on high-resistive silicon substrates with either a

La0.67Sr0.33MnO3 (LSMO) or ZnO buffer layer to induce tensile and compressive strain, respectively,

and (ii) transfer of ZrO2 films, grown initially on LSMO-buffered SrTiO3 or DyScO3 substrates, onto high-

resistive silicon substrate as membranes. The far-IR structural signature of the films is assigned to a

tetragonal phase, mainly when the film is under tensile strain; however, the ZrO2 film shows a

ferroelectric signature. Under compressive strain, an early stage of phase transition from the non-polar

P42/nmc phase to the polar R3m phase is observed. Our findings open new paths for investigating the

origin of ferroelectricity in ZrO2-based ferroelectric thin films.

1 Introduction

Ferroelectric thin films of HfO2 and ZrO2 have recently gar-

nered considerable attention due to their potential applications

in various fields such as nonvolatile memories,1–5 ferroelectric

field-effect transistors,6–8 energy storage,9–11 negative capaci-

tance,12–14 and tunnel junctions.15,16 HfO2 and ZrO2 were also

considered for nonlinear optical applications, as they are

compatible with silicon photonics.17–20 Indeed, one of the

major advantages of these materials is their compatibility with

silicon technology, making them highly scalable.6,21

As the interest in HfO2 and ZrO2-based ferroelectric materials

for future applications follows an exponential growth, it is crucial

to understand the origin of the ferroelectric phase. Since the

discovery of ferroelectricity in HfO2 in 2011 by Boscke et al.,22

numerous studies have been conducted on such compounds,

aiming to improve their ferroelectric properties,23–25 as well as to

gain a fundamental understanding of the origin of ferro-

electricity.26–28 It was first shown that the orthorhombic phase

(Pbc21, No. 29, o phase) is responsible for the ferroelectric

behavior observed in Si-doped HfO2 polycrystalline thin films,22

then the same phase was reported in a lot of different HfO2 and

ZrO2-based ferroelectric thin films.29–33 In addition, a ferroelectric

rhombohedral phase (R3m, No. 160, r phase) has been reported

in HfO2, and ZrO2-based epitaxial thin films.34–37 A distorted

orthorhombic phase has been reported in Y-doped HfO2 with

improvement in polarization.38 First-principles calculations have

demonstrated other possible ferroelectric phases in HfO2 and

ZrO2 materials, such as rhombohedral R3,39 orthorhombic

Pmn21,
40,41 and monoclinic Pc.42 In addition to the ferroelec-

tricity in HfO2 and ZrO2, antiferroelectricity has also been

observed in pure ZrO2, and ZrO2-rich thin films.43–46

Most studies in the literature on HfO2 and ZrO2 ferroelectric

thin films use X-ray Diffraction (XRD) for structure determination.

However, due to the polymorphism of HfO2 and ZrO2, the analysis

of their structure using XRD can be challenging. Apart from the

two polar phases experimentally reported (o and r phases)

and three suggested theoretically (R3, Pmn21, and Pc phases),

a large variety of other phases composes the phase diagram of

ZrO2 and HfO2, including the ground state monoclinic phase
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(P21/c, No. 14, m phase),47,48 high temperature tetragonal

(P42/nmc, No. 137, t phase) and cubic (Fm%3m) phases,49 and

high-pressure phases.50–52 These various phases in HfO2- and

ZrO2-based materials make their structural characterization

challenging.

Recently, Raman and infrared (IR) spectroscopies have been

used as alternative methods to characterize these materials and

identify their structure.53–55 Raman and IR reflectance were

used to study Y-doped HfO2 in a bulk-like state,55 and some

characteristic vibrational phonon modes have been identified,55

also from first-principles calculations.56 Similarly, Raman was

used to investigate the ferroelectricity and antiferroelectricity in

polycrystalline Si-doped ZrO2.
46However, regarding epitaxial HfO2

and ZrO2 thin films, neither Raman nor IR activities were reported

so far. Indeed, such systems are challenging for optical spectro-

scopies because the quantity of matter to probe is small (about

10 nm thickness), and the contribution of the substrate very often

masks the ultrathin film signal.

Herein, we investigate the IR absorbance of epitaxial ferro-

electric ZrO2 thin films on a high resistive silicon substrate

(Si-HR), either grown directly through the use of buffer layers or

transferred as membranes after the epitaxial growth on per-

ovskite oxide substrates. Notice that probing the individual IR

signature of the film when deposited directly on these latter

substrates would be extremely difficult, due to their strong

response in both absorption and reflectance configurations.

On the other hand, as the IR beam can be readily transmitted

through the Si-HR substrate, hence the IR absorbance of the

ZrO2 thin films can be obtained. For proper assignment of IR

bands in our experimental result, we employed first-principles

calculations using CRYSTAL code to investigate the IR activities

and simulate the IR absorbance of the different phases of ZrO2.

2 Computational and
experimental details
Theoretical investigation

We conducted calculations using the CRYSTAL17 suite of

programs, an ab initio periodic code based on the atom-centered

Gaussian basis set.57We employed basis sets taken from ref. 58–60

for O and Zr, respectively, in our calculations for ZrO2. We utilized

the three-parameter, Lee–Yang–Parr exchange–correlation (B3LYP)

hybrid functional,61,62 known to provide accurate vibrational

frequencies,19,63 relying on all-electron density functional

theory (DFT) calculations. The calculations were performed

using an 8 � 8 � 8 Monkhorst–Pack scheme64 for the k-point

mesh in the Brillouin zone (BZ). To evaluate the precision of

the Coulomb and Hartree–Fock exchange series, we used five

parameters65,66 with values of 8, 8, 8, 8, and 16. The self-

consistent field energy threshold was set to 10�8 Ha for

geometry optimization and frequency calculation. Our focus

was on comparing the IR absorbance signature of different

phases to the experimental IR absorbance measured with IR

synchrotron light of ZrO2 thin films. We simulated the absor-

bance using CRYSTAL code based on the polarity evaluation of

IR modes, which is a fully analytical method for calculating

Born charges and infrared intensities of periodic systems.67

And the calculation of the vibrational modes and their frequen-

cies in our simulations was based on the assumption of

harmonic behavior. This approach is well-established and has

been implemented in the CRYSTAL code.68

Sample fabrication

On the experimental part, we used two approaches to be able

to measure ZrO2 thin films by IR transmission. In the first

approach, ZrO2 films were grown directly on La0.67Sr0.33MnO3

(LSMO)/Perovskite nanosheet-buffered and ZnO/Yttria stabi-

lized zirconia (YSZ)-buffered Si-HR substrates using pulsed

laser deposition (PLD) with the same conditions as described

in ref. 36. To grow LSMO on Si-HR, nanosheets (NS) of calcium

niobate (Ca2Nb3O10) with a thickness of about 1 nm were first

deposited as a template for perovskite oxide growth.69 The

LSMO layer further grown on NS-buffered Si-HR was 18 nm

thick, while the thickness of the other ZnO/YSZ buffer was

15 nm. On both these types of buffered Si-HR substrates, the

thickness of the ZrO2 films was 22 nm. Si-HR was chosen

because it does not absorb in the IR region, which facilitates

IR investigation based on the transmission of the IR beam

through the sample. LSMO/NS/Si-HR and ZnO/YSZ/Si-HR

samples were used as a reference to obtain the IR absorbance

of ZrO2 thin films.

In the second approach, we investigated ZrO2 thin films as

membranes transferred onto Si-HR substrates. To do so, we

grew two 27 nm-thick ZrO2 films, one on LSMO-buffered (001)-

oriented SrTiO3 (STO) and one on (110)-oriented DyScO3 (DSO)

substrate using the same conditions as reported in ref. 36. After

the growth, the two thin films were released from the substrate

by chemically etching the LSMO layer and transferring ZrO2

membranes onto the Si-HR substrate. Note that releasing a thin

film can cause a change of the strain in the film, but it does not

necessarily cause a phase transition, as observed in Hf0.5Zr0.5O2

(HZO) thin films.70

IR measurements

The ZrO2 films were measured using the infrared spectroscopy

beamline AILES (Advanced Infrared Line Exploited for Spectro-

scopy), Synchrotron SOLEIL.71 Exploiting the high brightness

of the synchrotron radiation source, far-IR spectra in the

30–700 cm�1 range were obtained using a Bruker IFS125HR

Fourier transform spectrometer evacuated at pressures lower

than 10�4 mbar to avoid absorption by water and residual gas.

A spectral resolution of 2 cm�1 was chosen. A 6 microns Mylar

beamsplitter combined with a bolometer cooled at 4.2 K

completes the setup.

3 Results and discussion
3.1 Theoretical IR active phonon modes

Non-polar ZrO2 phases. First, the ground state P21/cm phase

and the P42/nmc t phase, known to be stable when the grain size
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or film thickness is below 30 nm,26,72 have been considered

for the theoretical investigation. For the latter, a unit cell

containing 6 atoms for IR investigations was used, which

resulted in 18 vibrational modes: 3 for translation and 15 for

optical phonon modes. The t phase displays only three

distinctive IR fingerprints at 138, 333, and 426 cm�1, all

active in experimental IR (Fig. 1b). The peak positions are

indicated by bars in Fig. 1b. The phonon frequencies of IR

active modes obtained using B3LYP functional agree with

earlier experimental measurements performed by Bonera

et al. who reported three peaks for ZrO2 t phase at 150, 338

and 430 cm�1.73 The simulated IR absorbance for the t phase,

as shown in Fig. 1b, indicates three different bands; the two

bands at low energy have almost similar intensities, while the

band around 426 cm�1 exhibits much stronger intensity in

good agreement with previous calculations.26 Regarding the

ground state m phase, a unit cell containing 12 atoms was

used, resulting in 36 vibrational modes: 3 for translation

modes and 33 for optical phonon modes. The m phase

presents richer IR active modes (15 active IR modes), result-

ing in 9 bands in the simulated IR absorbance spectra of

Fig. 1a.

Polar ZrO2 phases. For the two experimentally reported polar

phases, o and r phases, a unit cell with 12 atoms was used to

investigate the IR absorbance. The o phase exhibits 24 out of

33 optical modes being active in IR. As shown in Fig. 1c, the

simulated IR absorbance for the o phase reveals a much richer

pattern compared to the t phase, with at least 8 bands being

observed, four of which having high intensity. Among these

bands, the one located at around 400 cm�1 resulting from B2

and B1 modes is found only in the o phase and can serve as a

strong signature of this phase. This was also identified as an

IR fingerprint for o HfO2.
55 In addition, three bands of almost

equal intensity located at 228, 329, and 445 cm�1 can also help

in identifying the o phase of ZrO2.

On the other hand, in the r phase, from 33 optical phonon

modes, 19 modes are IR active and contribute to the IR

response. However, during the simulation of IR absorbance

of the r phase, only 9 modes exhibited high intensity

(480 km mol�1), resulting in five IR absorbance bands (Fig. 1d).

Of these bands, three are nearly equal in intensity and are located

at around 230, 350, and 455 cm�1, while the other two bands at

533 and 680 cm�1 are less intense. The IR pattern of the r phase is

quite similar to that of the t phase, particularly the two bands at

350 and 455 cm�1, with the main difference being a slight shift to

higher energy and similar intensity for these two bands in the r

phase. The band that differs the most from the t phase is the one

located at 230 cm�1. It should be noted that the IR absorbance

given for the r phase was computed at the experimental volume to

obtain only real phonon frequencies, with pressure applied to the

unit cell, as this phase is unstable at the optimized volume19 (see

also Fig. S2, ESI†). It is also important to note that other factors,

such as oxygen vacancies, elastic interaction with the substrate, a

specific orientation of the thin film, etc., may stabilize the r phase,

which are not considered in this study.

For a comprehensive list of all IR active modes and their

corresponding intensities for the investigated phases, refer to

Tables S1 and S2 in the ESI.† Additionally, as mentioned in the

introduction, first-principles calculations suggest the stability

of other polar phases, including the Pc and Pmn21 phases.

Although these phases have not been observed experimentally

yet, the Pc phase was found to have low bulk energy, similar to

the o phase in HfO2 and ZrO2,
42 while the Pmn21 phase was

found to have lower energy than the t phase in HfO2,
41,42 and

higher energy in ZrO2.
42 The IR active phonon modes of these

two phases were also calculated and are given in the ESI.†

Fig. 1 Infrared absorbance responses of ZrO2 in different phases, including the non-polar m (a) and t (b) phases and the polar o (c) and r (d) phases. All IR
active modes are highlighted in bar form, with emphasis on the modes contributing most to IR absorbance (480 km mol�1, see Table S1, ESI†). For exact
phonon frequencies and intensities, see Tables S1 and S2 in the ESI.†
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The simulated IR absorbance of ZrO2 thin films reveals

distinct differences between polar and non-polar phases, in

contrast to XRD where most phases, especially the polar ones

(Fig. 2), exhibit diffraction peaks at around 301 in out-of-plane

y–2y scans. These insights can be utilized as a means to

distinguish and identify the phases in ZrO2 thin films.

3.2 Epitaxial ferroelectric ZrO2 thin films

X-ray diffraction and in-plane strain. As shown in Fig. 2a,

the out-of-plane y–2y scans for ZrO2 on ZnO-YSZ and LSMO

buffered NS/Si-HR, STO, and DSO substrates are displayed.

Each peak is labeled to indicate its corresponding crystal phase,

but the most important peak is around 301, corresponding to

the (111)-oriented ZrO2 thin films. On STO and DSO substrates,

this peak is located at around 30.201, and generally, the films

grown on these substrates are under compressive strain.34,36

This is also the case when using ZnO as a template (Fig. 2a).

Conversely, on the LSMO-buffered Si-HR substrate, the ZrO2

peak is observed at a value of 30.401, which indicates that the

film is under tensile strain. Here, it is worth noting that

experimentally and theoretically, the growth of the orthorhom-

bic phase was found to be favored under tensile strain.23,74–76

Also, on the LSMO-buffered Si-HR substrate, a peak around

34.31 is observed for this 22 nm-thick ZrO2 film, which can be

ascribed to the ground state m phase. This peak was found to

appear only at thicknesses above 37 nm for ZrO2 grown on DSO

substrate.36 The presence of the m phase at a lower thickness

here might be due to the NS seed layer, which affects both the

LSMO bottom electrode and the strain in the ZrO2 film (tensile

on NS/Si-HR vs. compressive on DSO or STO).

Ferroelectric polarization. For electrical characterization,

a ferroelectric tester (AiXACCT, TF analyzer 1000) was used on

Pt/ZrO2/LSMO capacitors. The ferroelectric response was

obtained through Positive Up Negative Down (PUND) measure-

ments. This measurement was conducted in particular to verify

the ferroelectric properties of the ZrO2 thin film grown on

LSMO/NS/Si-HR. The measured hysteresis loop is shown in

Fig. 2b, and clear ferroelectric behavior is observed, with a

polarization of about 15 mC cm�1. However, we could not

perform this measurement on ZnO-YSZ/Si-HR, as the ZnO-

YSZ buffer is dielectric. The ferroelectricity of ZrO2 thin films

on STO and DSO substrates has already been reported else-

where, with a polarization of about 20 mC cm�1 for the same

thickness range.36,77 It is worth noting that the higher polariza-

tion observed in ZrO2 on STO and DSO substrates could

be attributed to the presence of compressive strain, which

enhances the polarization effect.34,35

IR absorbance of ZrO2 on buffered Si-HR. The experimental

IR absorbance of the ZrO2/LSMO/NS/Si-HR sample is presented

in Fig. 3a, with three prominent peaks observed at 139, 335,

and 432 cm�1, in close agreement with the theoretical values

and intensities, corresponding to the t phase (indicated in

black bars in Fig. 3a). However, four additional peaks with

much lower intensity are also observed, which might be due to

the presence of the m phase as observed by XRD in Fig. 2a. The

peaks at 514 and 566 cm�1 are more likely to correspond to the

ground state of ZrO2 (see Fig. 1a). From the simulated IR in

Fig. 1a, the m phase displays an IR band at around 515 cm�1

with two peaks at 505 and 532 cm�1 (corresponding to Au and

Bu modes). Note that the o and r phases also display a band

around 530 cm�1, and distinguishing these phases based only

on this low-intensity band is difficult. The two bands located at

75 and 261 cm�1 are very low in intensity and can be caused by

the strain from the substrate on the ZrO2 thin film. Never-

theless, Fig. 3a demonstrates a clear signature of the t phase.

The ZrO2 thin film on LSMO/NS/Si-HR is under tensile

strain, as indicated by the shift of the (111) peak to a higher

2y value (30.401, Fig. 2a). This suggests that the film may adopt

the o phase, as reported in previous studies on HfO2-based

ferroelectric thin films.23,74–76 However, from the IR spectra,

Fig. 2 XRD and P–E Results: (a) out-of-plane y–2y scans for ZrO2 thin films on LSMO-buffered STO, DSO, and Si-HR substrates, as well as on a Si-HR
substrate with a ZnO-YSZ buffer layer. (b) Hysteresis loop of the ferroelectric polarization of the ZrO2 thin film on LSMO-buffered Si-HR substrate and its
corresponding current switching loop (PUND technique).
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the tensile strain on the ZrO2 thin film does not appear to be

sufficient to induce a phase transition from the t to the polar o

phase. Also, the main intense and characteristic IR absorbance

band at around 400 cm�1 of the o phase (also common with the

Pc phase see Table S1, ESI†) as shown in Fig. 1c is not observed.

On the other hand, the hysteresis loop (Fig. 2b) clearly indicates

that the ZrO2 thin film displays ferroelectric behavior. At the

same time, none of the four considered polar phases (o, r, Pc,

and Pmn21) were detected in the IR absorbance. Therefore, the

origin of the observed ferroelectric behavior has to be found

elsewhere, such as in the breaking of the t phase symmetry

or in a new polar phase with close symmetry to the tetragonal

one. Also, oxygen vacancy migration might contribute to such

response.78

It is worth noting that tetragonal ZrO2 was found to exhibit

antiferroelectric behavior,43 which was later explained by a

transition from the non-polar t phase to the polar o phase.79

However, despite a clear t phase signature of our ZrO2 thin

films, no antiferroelectric double hysteresis loop of the polari-

zation was observed. This underlines the need for further

experimental and theoretical studies to understand the origin

of both ferroelectric and antiferroelectric behaviors in ZrO2

thin films.

The ZrO2 thin film grown on ZnO-YSZ/Si-HR is found to be

under compressive strain, comparable to the one in ZrO2 films

obtained on STO and DSO substrates (see Fig. 2a). The experi-

mental IR absorbance spectrum is presented in Fig. 3b. The

simulated IR absorbance positions of t, r, and o phases are also

indicated. Three IR absorbance bands corresponding to the t

phase are observed, but with decreased intensity, especially for

the band at around 426 cm�1 (Eu mode), which was found to

have the highest intensity by DFT and confirmed by experiment

(Fig. 3). On ZnO-YSZ/Si-HR, its intensity is equivalent to the

other two bands at 130 and 339 cm�1. This decrease in intensity

should thus be attributed to the compressive strain induced by

the substrate and buffer layers on the ZrO2 thin film. A shift of

the IR bands to higher energy is also observed, indicating a

possible phase transition from the t phase to the r phase under

compressive strain, as the simulated IR absorbance of the r

phase (Fig. 1d) is close to the experimental one given in Fig. 3b.

Note that a highly compressed r phase was obtained in an HZO

thin film grown on a ZnO substrate.37 However, in our case, the

compressive strain seems lower and close to the one induced by

STO and DSO substrates (Fig. 2a). This is because ZrO2 has

higher lattice parameters compared to HZO and HfO2, and the

10 nm ZnO thin film used here as a template might not have

exactly the same lattice parameters as the bulk ZnO substrate.

In addition to the changes observed in the intensity and

position of the IR absorbance bands corresponding to the t

phase, Fig. 3b also reveals a new absorbance band at around

230–257 cm�1. This band has comparable intensity to the

bands at 339 cm�1 and 442 cm�1. This is likely associated with

the r phase, as these results are consistent with DFT calcula-

tions presented in Fig. 1d, where three IR absorbance bands are

found at 230, 350, and 450 cm�1. These findings suggest that

the t phase is more likely to transform to the rhombohedral

phase when a ZrO2 thin film is under compressive strain,

confirming the impact of compressive strain on r phase stabi-

lity, as previously reported in the literature.34–37 However,

a signature of the t phase is still detectable (band around

135 cm�1), indicating that it is still present and not completely

transformed to the r phase.

IR absorbance of ZrO2 membranes. ZrO2 membranes were

used as it was not possible to perform the same measurement

as on Si-HR substrate on perovskite substrates (STO and DSO).

Indeed, these two substrates are interesting because they have

been found to stabilize the r phase,34–36 and also the ortho-

rhombic o and rhombohedral-distorted o phases.30,38 IR spec-

troscopy can help to identify crystal phonon activities and

hence distinguish these different polymorphs of ZrO2 and

HfO2. On the other hand, direct IR measurement is challenging

as perovskite substrates are thick for IR reflectance and not

Fig. 3 Infrared absorbance responses on Si-HR: (a) and (b) show the experimental IR absorbance spectra (in red color) of ZrO2 thin films grown on
LSMO- and ZnO-YSZ-buffered Si-HR substrates, respectively. The IR absorbance spectra obtained using the CRYSTAL code are also provided for t, o, and
r phases presented in bar form, based on the intensity of each mode, as shown in Fig. 1.
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transparent for IR transmission. Thus, using ZrO2 membranes

can be useful to access crystal symmetry, even though releasing

a ZrO2 filmmight change the strain applied to it. Note that HZO

membranes have already been studied, and it was found that

releasing a membrane affects the rhombohedral distortion

while the film remains ferroelectric.37 Therefore, releasing a

thin ZrO2 film might change the strain applied to the film, but

it should not affect the initial growth phase symmetry.

Fig. 4a and b display the experimental IR absorbance for two

ZrO2 membranes released from STO and DSO substrates,

respectively. At first glance, three peaks characterizing the t

phase are observed, but with different intensities from the ones

reported in Fig. 3. Also, the two bands at around 340 and

430 cm�1 display the same intensity as when the film was

under a compressive strain (Fig. 3b). This indicates that the

compressive strain has more effect on ZrO2 t phase signature

than the tensile strain as far as IR absorbance is concerned,

with IR bands closer to the ones of the r phase. This can be seen

as compressive strain favoring the r phase, in good agreement

with previous reports.34–37

Furthermore, the positions of these peaks are generally

affected by �10 cm�1, which can be due to strain caused by

the substrate, but also to the strain caused by the release of the

ZrO2 films. In addition, other bands are observed for ZrO2

released from STO and DSO substrates. ZrO2 membrane released

from the DSO substrate differs from STO in 2 bands at around

228 and 481 cm�1: the band at 228 cm�1 is not observed in

Fig. 4a, as it might be covered by the large band between 138 and

262 cm�1; while for the band at 481 cm�1, it could be caused by

the anisotropy of the DSO substrate, resulting in a different

distortion of ZrO2 thin film compared to STO substrate.

Although there may be slight variations between the films

grown on STO and DSO substrates, their IR spectra are

remarkably similar, suggesting that they correspond to the

same initial phase developed on these substrates. This can be

observed by examining the three bands of the t phase, as well

as the two new bands at higher energies (above 500 cm�1),

which are detected at the same positions in both films. These

higher energy bands cannot be observed on ZrO2 film on

ZnO-YSZ-buffered Si-HR (Fig. 3b) due to the large absorption

of ZnO at higher energy.80,81

Strain effect on IR phonon modes. As depicted in Fig. 2, the

films are subjected to different strains, which have the

potential to disrupt the symmetry of the t or R3m phase. This

symmetry-breaking effect results in the activation of additional

IR-active modes. Specifically, focusing on the t phase, we found

that the removal of symmetry alone does activate additional IR

modes, although their intensity is negligible (Fig. S3, ESI†).

However, the introduction of strain, such as through tensile

strain, causes a shift of the IR bands towards higher energy

(Fig. S4, ESI†), particularly the lower IR bands, which are more

sensitive to strain compared to the higher bands. This effect is

also observed when applying compressive strain (see Fig. S4

and S5, ESI†). Additionally, the application of a compressive

strain on t and R3m phases is found to amplify the additional

IR bands (at 544 and 655 cm�1) to greater intensities than with

tensile strain (Fig. S4 and S5, ESI†), in good agreement with the

experimental results (Fig. 4).

3.3 Tetragonal vs. rhombohedral phases

As mentioned above ZrO2 film on ZnO-YSZ/Si-HR experiences

compressive strain, which stabilizes the r phase, as reported in

previous studies.34–37 The experimental IR absorbance of the

film reveals three bands of comparable intensity and proximity

to the simulated IR of the r phase. Based on this observation,

we aim to investigate the possibility of a phase transition from

Fig. 4 Infrared absorbance responses of ZrO2 membranes on Si-HR: (a) and (b) show IR absorbance of ZrO2 membranes, which were initially grown on
LSMO-buffered STO and DSO substrates, respectively, and then transferred onto the Si-HR substrate for IR measurements.
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t to r phase, which has not yet been explored in the literature.

To achieve this, we examined the instability observed at the G

point in the r phase. Specifically, this involved following the

unstable E phonon mode by displacing the atoms around their

original positions and evaluating the energy landscape at each

step to identify the lowest energy minima (Fig. 5a). The energy

scan revealed two additional lower energy phases, labeled as

w1 and w2, with w2 being energetically closer to the r phase. The

re-optimized structure obtained at w1 (Fig. 5b) corresponds to a

new monoclinic phase identified as Cm (No. 8). Upon careful

analysis, it is revealed that this Cm phase is essentially a

distorted version of the t phase, with slight distortion in the

unit cell angle (Fig. 6 and Table S4, ESI†). Importantly, there is

negligible energy difference between these two phases (less

than 0.001 meV), and their IR absorbance spectra also show no

significant difference (Fig. S6, ESI†). The distinction lies pri-

marily in their structural representation: the t phase can be

described using 6 atoms (Fig. 6a), while the Cm phase requires

24 atoms and exhibits a small deviation from the symmetrical

unit cell angle, disrupting the symmetry of the t phase (Fig. 6b).

Another key difference arises from this symmetry disruption:

the t phase is non-polar, whereas the Cm phase exhibits

polarity. However, the polarization of the Cm phase was evaluated

using the Berry phase method and found to be 0.08 mC cm2,

Fig. 5 (a) Energy scanning along the normal mode E (TO1) for the r phase. (b and d) Depict the energy landscapes of the phases obtained at w1 and w3

after geometry re-optimization, while (c) shows the energy scan along the unstable B00 mode of the P1 phase. The energy indicated in (a) corresponds to
the energy difference between the r phase and the two lowest minima prior to re-optimization. In (b)–(d), DE is given for the energy minima with respect
to the r phase.

Fig. 6 (a) Tetragonal phase of ZrO2. (b) Cm phase of ZrO2 with two
unit cells (the lattice parameters and the atomic positions are given in
Table S4, ESI†).
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a very low value, which is of the same order as the one

calculated for the unstrained R3m phase.34 The energy differ-

ence (DE) between the t phase (or Cm phase) and the r phase is

approximately 39 meV (Fig. 5), which aligns with previous

calculations.36

On the other hand, the energy minimum at w2 corresponds

to an intermediate phase with space group P1, which is

identified as unstable (Fig. 5c and Table S3, ESI†). By tracking

the unstable B00 mode at the G point, two symmetric and similar

regions with minimum energy, labeled as w3, were identified.

These minima once again correspond to the aforementioned

Cm phase (Fig. 5d). These findings suggest the existence of two

possible pathways for transitioning from the Cm (or distorted t)

phase to the r phase: a direct path from Cm to r and an indirect

path from Cm to P1, and subsequently to the r phase.

It is important to highlight that the transition from the r

phase to the Cm phase, as discussed above, cannot be consi-

dered purely displacive in nature. This is evident from the fact

that the adjustment of atomic positions around the unstable

mode breaks the 3-fold axis of the r phase. Similarly, the

transition from a 3-fold (R3m) to a 4-fold (P42/nmc) symmetry

cannot be attributed solely to one phonon mode; it likely

involves a combination of multiple phonon modes.82 However,

in the case of thin films, various factors, including compressive

strain as depicted in Fig. 2a, as well as surface effects, have

been shown to influence the stability of the R3m phase.34,36

These factors could generate additional stress on the ZrO2 film,

potentially contributing to the stabilization of the r phase.

Furthermore, the literature suggests that the formation of

the rhombohedral phase in fluorite oxides is often associated

with ordered oxygen vacancies along the [111] direction of the

rhombohedral lattice.83–85 However, in the case of ZrO2, the

mechanism underlying the formation of the rhombohedral

phase is not yet fully understood or extensively studied. Most

research has focused on partially stabilized ZrO2, where the

transition occurs from the cubic to rhombohedral phase.86,87

In certain cases, irradiation of cubic yttria-stabilized zirconia

with He ions can induce a cubic-to-rhombohedral phase trans-

formation, leading to a rhombohedral deformation of the cubic

cell along the [111] direction due to residual stresses induced

by implantation.88 Although a few studies have reported the

transformation from the t to the rhombohedral phase,89–91

further research is required to fully elucidate the mechanism

of this transformation in ZrO2.

Taking into consideration the fact that the stable phase of

ZrO2 at reduced thickness is tetragonal, the application of

epitaxial strain can break the symmetry of the t phase. This

allows for the possibility of stabilizing the distorted t phase

(Cm) and transforming it into the r phase under compressive

strain (Fig. 3b), as observed in Fig. 5. The energy cost associated

with this phase transition is approximately 9.75 meV per f.u.

It should be noted that when considering the instability of the

R3m phase, the optimized volume was used (Fig. 5), while when

evaluating the IR absorbance of the r phase, the experimental

volume was used as explained earlier (Fig. 1 and Fig. S2, ESI†).

This distorted t to r phase transition might offer a new path to

investigate the high polarization reported experimentally in the

r phase, which is in discrepancy with DFT predictions of low

polarization.34,92 However, other factors, such as oxygen vacancies

and the interaction between the ZrO2 film and the substrate, may

also contribute to stabilizing the rhombohedral phase.

4 Conclusion

In this study, we investigated ZrO2 phases using a combination

of first-principles calculations and experimental characteriza-

tions. First, we employed the CRYSTAL package to examine the

IR activities of ZrO2 in various phases and simulate its IR

absorbance. Then, we performed IR absorbance measurements

using two approaches: direct characterization of ZrO2 thin films

grown on a Si-HR substrate and transfer of ZrO2 films grown

on perovskite substrates onto Si-HR for IR characterization.

We evidenced that ZrO2 thin films grown on Si-HR under

tensile strain using a LSMO buffer layer exhibit a clear signa-

ture of the t phase. Also, we found that ZrO2 films under in-

plane compressive strain with a ZnO-YSZ buffer layer still have

a t phase signature in their IR absorbance, but closer to the one

of the r phase. This hints at a phase transition from the t phase

to the r phase, promoted by the compressive strain. Moreover,

the IR absorbance responses of ZrO2 membranes released from

STO and DSO substrate were similar, indicating the same initial

phase grown on both substrates, which both induced a com-

pressive strain. Their IR response was also similar to that

obtained on ZnO-YSZ-buffered Si-HR substrate. These results

suggest that the stable phase of ZrO2 is tetragonal, and when

subjected to compressive strain, it undergoes a phase transition

to the rhombohedral phase. On the other hand, the tensile

strain does not affect the stability of the tetragonal phase.

Surprisingly, despite being a non-polar phase, the film exhib-

ited ferroelectric behavior. This intriguing observation raises

questions about the origin of ferroelectricity in the tetragonal

phase of ZrO2. Our findings offer a new direction for investigating

the origin of ferroelectricity and high polarization in ZrO2 and

ZrO2-based ferroelectric thin films by exploring additional factors

that may contribute to the observed ferroelectric behavior and

also by looking at the transition from t to r phase, rather than

solely at the r phase with oxygen vacancies or high compressive

strain as in previous studies.
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M. Czernohorsky, K. Kühnel, X. Thrun, N. Hanisch,

P. Steinke, J. Calvo and J. Müller, Appl. Phys. Lett., 2018,

112, 222903.

7 H. Mulaosmanovic, E. T. Breyer, S. Dünkel, S. Beyer,

T. Mikolajick and S. Slesazeck, Nanotechnology, 2021, 32,

502002.

8 P. Pujar, H. Cho and S. Kim, ACS Appl. Electron. Mater., 2023,

5, 11–20.

9 M. H. Park, H. J. Kim, Y. J. Kim, T. Moon, K. D. Kim and

C. S. Hwang, Adv. Energy Mater., 2014, 4, 1400610.

10 M. Hoffmann, U. Schroeder, C. Künneth, A. Kersch,
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