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ABSTRACT

Infrared (IR) reflectance spectra of monoclinic Hf0:5Zr0:5O2 (HZO) films with thickness in the range of 10–90 nm deposited on different
cuts of Al2O3 and yttria-stabilized zirconia (YSZ) substrates were measured in the frequency region 30–4000 cm�1. Several phonons belong-
ing to HZO were observed even for the 10 nm films. X-ray diffraction measurements were used to determine the crystal structure of the
films and their orientation with respect to the substrates. The phonon spectra of HZO films grown on the anisotropic (1�102) R-cut Al2O3

substrates exhibit strong anisotropy. Comparing them with the spectra of the films on isotropic YSZ substrates, it allows us to assign the
symmetry and polarization of the phonons in HZO films. Fitting the IR spectra by the classical Lorentz model, we obtain the phonon
parameters, their response functions, and their contribution to static permittivity. We also measured the IR reflectance of HfO2, ZrO2 and
HZO ceramics and compared their phonon parameters with those of the corresponding thin films.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0297535

I. INTRODUCTION

Hafnia-based materials (HfO2, ZrO2 and HfxZr1�xO2) are
interesting from several points of view. They are used as gate dielec-
trics in complementary metal–oxide–semiconductor (CMOS)
devices1–3 due to their high permittivity, which allows them to substi-
tute SiO2. Their major advantages are full compatibility with silicon
technology and ease of preparation in the form of thin films.4–7 They
are expected to accelerate further progress in chip electronics.8–10

Another unexpected effect, which has been predicted and observed
in undoped HfO2 films, is ferromagnetism,11–14 despite the fact that
Hf4þ and O2� ions are not-magnetic.

The discovery of ferroelectricity in HfO2 thin films,15 antifer-
roelectricity, and a field-driven ferroelectric phase transition in
pure ZrO2 as well as a stable ferroelectric phase in HfxZr1�xO2

16

has sparked intense research activity in this family of materials.
Bulk monoclinic HfO2-based materials are not intrinsically ferro-
electric and must be modified to exhibit such behavior. The

ferroelectric phase has a non-equilibrium orthorhombic structure
that can be stabilized in thin films15,17 when the tetragonal-to-
monoclinic phase transformation is suppressed, either by the strain
from the substrate or by surface tension in nanometer-sized grains.
The ferroelectric properties of these thin films can be further
improved in solid solutions of HfO2 and ZrO2. HfxZr1�xO2 films
are intensively studied, and their ferroelectricity is stable for x
in the range (0.3–0.7), with remanent polarization peaking at
x = 0.5.16 The orthorhombic ferroelectric phase has also been stabi-
lized in HfO2 single crystals by yttrium and lutetium doping.18,19

The influence of many other dopants has been reported.20

HfO2 and ZrO2 are isomorphic, fully miscible21,22 and exhibit
the same sequence of structural phase transitions. Under bulk and
thermodynamic equilibrium conditions, they crystallize in several dif-
ferent phases:23,24 monoclinic P21=c (C5

2h), Zprim ¼ 4 at room tem-
perature; transforming to a tetragonal structure P42=nmc (D15

4h),
Zprim ¼ 2 at about 1170 �C for ZrO2 and 1700 �C for HfO2; and
finally to cubic structure Fm�3m (O5

h), Zprim ¼ 1 at about 2370 �C for
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ZrO2 and 2600 �C for HfO2.
21,22,25 The phase transition tempera-

tures depend on many factors,26 but all these phases are centrosym-
metric and thus non-ferroelectric. In addition, four metastable
orthorhombic phases—Pcba, Pnma, Pca21, and Pmn21 (the latter
two being ferroelectric)—can be observed and stabilized by applying
mechanical stress from a substrate in thin film and by doping.27,28

Infrared (IR) and Raman (R) spectroscopies are known to be
nondestructive and highly effective tools for studying the lattice
dynamics of both bulk materials and thin films. Based on the selection
rules for IR and Raman phonon activity, these techniques provide
important information on the crystalline structure, enabling to distin-
guish crystal phases, optical phonons, and their role in phase transi-
tions. This has been demonstrated recently comparing experimental
spectroscopic and X-ray diffraction (XRD) data with first-principles
theoretical studies of HfO2-based materials.25,29–31 A similar analysis
has also been performed32 to explain the phase transitions that are
not driven by soft phonons at the center of the Brillouin zone.
However, complete phonon assignment and understanding of their
role in phase transitions have not yet been fully achieved.

The Raman spectra of HfO2-based materials33–37 have previ-
ously been measured mainly in the room-temperature monoclinic
phase. Nevertheless, even for this phase, the results are not quite sat-
isfactorily and fully interpreted as a result of the relatively large
number of phonons. There are many theoretical first-principles cal-
culations providing phonon properties,21,22 which have been followed
by other research studies. However, there is still a lack of reliable
experimental Raman spectra for comparison, except for very recently
published data on crystals29 and thin films.30 Not all phonon modes
predicted by group-theoretical analysis have been clearly resolved or
correctly assigned, as some of them are quite weak, broad, and over-
lapping. The situation is even more complicated for IR spectroscopy,
as sufficiently large single crystals are not available. Early IR spectra
were mostly measured on powder samples,38,39 and only a few very
recent studies focus on thin films25,31,40 and crystals.29 IR absorption
and Raman spectroscopy with a diamond anvil cell were used to
study the pressure dependence of the phase transitions in polar
orthorhombic HfO2 doped by Y.41

In this work, we present an IR reflectance study on monoclinic
Hf0:5Zr0:5O2 HZO films (space group P21/c) of various thicknesses
deposited on single-crystalline yttria-stabilized ZrO2 (YSZ) and
Al2O3 substrates. We also demonstrate that reflectance measure-
ments can provide important information about phonons, even in
very thin films. By fitting the experimental reflectance data, we are
able to evaluate the complex dielectric functions and extract
phonon parameters. This allows us to assess the influence of sub-
strates—such as strain and anisotropy—on the phonon spectra of
the films. To support this, we compare our IR data with XRD mea-
surements. Additionally, we measured and analyzed the IR spectra
of HfO2, ZrO2 and HZO ceramic pellets to compare them with the
results obtained in HZO epitaxial films.

II. SYMMETRY PHONON ANALYSIS

The high-temperature cubic phase adopts the fluorite (CaF2)
Fm�3m structure, where the oxygen atoms occupy interstitial sites
within the face-centered cubic structure formed by the Hf/Zr
atoms. A factor-group analysis at the Γ point of the Brillouin zone

yields Γcub
vib ¼ F1u(IR)þ F2u(silent), where the activity of each mode

is indicated in parentheses, and one additional F1u mode is acous-
tic. The tetragonal P42/nmc structure is obtained by doubling the
unit cell through alternate displacements of oxygen atom pairs
along the z direction. The vibrational representation decomposes as
Γtetra
vib ¼A1g(R)þA2u(IR)þ3Eg(R)þ2Eu(IR)þB2u(silent)þ2B1g(R),

with additional A2u and Eu modes being acoustic. In the
monoclinic P21/c phase, the unit cell doubles again compared to
the tetragonal phase, and the previously identical oxygen atoms in
each pair become distinct. The factor-group analysis gives
Γmono
vib ¼ 9Ag(R)þ 9Bg(R)þ 8Au(IR)þ 7Bu(IR), with additional

Au + 2Bu modes as acoustic phonons. More examples of symmetry
group analysis for ferroelectric and antiferroelectric phases can be
found in the literature.29,30

III. EXPERIMENTAL

The HZO monoclinic films were fabricated using pulsed laser
deposition (PLD) with a 248 nm KrF laser operating at 10 Hz repe-
tition rate and with 1 J/cm2 fluence, from a 99.99% pure ceramic
target. During the deposition, single-crystal (001)-cut YSZ and
Al2O3 substrates with various crystal orientations were maintained
at 850 �C in a 100 mTorr pure oxygen atmosphere. The films had
nominal thicknesses of 10, 12, 30, and 90 nm. They were colorless,
shiny, and highly transparent. Their crystal characteristics have
been already published in Ref. 42. For YSZ(001) substrates, the
fourfold rotational symmetry along the [001] direction and a tilting
of the c axis of the monoclinic thin film with respect to the sub-
strate surface normal result in twin domains with four different ori-
entations, projected of the (001) axis onto the substrate surface.42

XRD experiments on the Al2O3 substrates were performed
using a SmartLab SE multipurpose diffractometer (Rigaku
Corporation) with Cu Kα radiation and a HyPix-3000 2D detector.
The incident beam optics included a parabolic Göbel mirror, and a
2:5� Soller slit and an incident slit and a mask of 0.5 and 2 mm,
respectively. For the YSZ-supported epitaxial films, a Bruker D8
Advance diffractometer with monochromatic Cu-Kα1 radiation,
parallel-beam optics, and an Eulerian cradle was used for XRD
analysis. The same device was used for the x-ray reflectivity mea-
surements to determine the thickness of films. The details can be
seen in part A of the supplementary material.

Ceramic powders for pellet preparation were sourced from
Sigma-Aldrich [hafnium dioxide (IV)] and the American Elements
(99.9% ZrO2). These were pressed into pellets, heated below the
monoclinic-to-tetragonal phase transition temperature, sintered,
ground, and polished to optical quality.

The IR reflectance at near-normal incidence was measured
over a broad frequency range (30–4000 cm�1) using a Bruker IFS
113v Fourier-transform spectrometer equipped with DTGS pyro-
electric detectors. KBr and broad-band far-IR Mylar beam splitters
were used to cover the full spectral range. An aluminum mirror
served as the reference. The spectra are presented only below
1000 cm�1 as no phonon modes were observed at higher frequen-
cies. For HZO thin films on cubic YSZ, unpolarized radiation was
used, while polarized radiation was employed for those grown on
α-Al2O3 substrates. Attempts to measure phonon modes in poly-
crystalline HZO films on Si substrates were unsuccessful.
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The normal-incidence reflectivity from a bulk surface is
expressed as

R(ω) ¼
ffiffiffiffiffiffiffiffiffi
~ε(ω)

p � 1ffiffiffiffiffiffiffiffiffi
~ε(ω)

p þ 1

����
����
2

: (1)

The complex dielectric function ~ε(ω) for the bare substrates
because of their broad reststrahlen bands is expressed by the gener-
alized factorized (LO-TO) model,

~ε(ω) ¼ ε1
Yn

j¼1

ω2
LOj � ω2 � iγLOjω

ω2
TOj � ω2 � iγTOjω

, (2)

where ωTOj and ωLOj are longitudinal and transverse frequencies of
the jth vibrational mode, γLOj and γTOj are their damping factors,
and ε1 represents the high-frequency dielectric constant due to
electronic transitions. For the film and ceramics fits, the IR-active
optical phonons, because their spectral features are much narrower,
are modeled by the classical Lorentz formula consisting of the sum
of n damped harmonic oscillators,

~ε(ω) ¼ ε0(ω)þ iε00(ω) ¼ ε1 þ
Xn

j¼1

ω2
Pj

ω2
TOj � ω2 � iωγ j

, (3)

where ωPj is the phonon plasma frequency and the rest of parame-
ters have the same meaning as in Eq. (2). The static permittivity,
ε(0), is given by the sum of the contributions of IR-active phonons
and electronic contribution ε1,

ε(0) ¼ ε1 þ ε ph ¼ ε1 þ
Xn

j¼1

Δεj ¼ ε1 þ
Xn

j¼1

ω2
Pj

ω2
TOj

, (4)

where the mode strength Δεj ¼ ω2
Pj=ω

2
TOj is the contribution of the

jth mode to ε(0). In this way, IR spectroscopy can provide a low-
frequency estimate of static dielectric permittivity.

If the film thickness is smaller than the IR radiation penetra-
tion depth, the substrate substantially influences the total
reflectance spectrum.43–45 It is taken into account by an “air–film–
substrate” structure, which consists of the dielectric functions, ε1=1
(air), ε2(ω) (thin film), and ε3(ω) (substrate). The total reflection
coefficient at normal incidence for this structure with thickness d is

~r123 ¼ ~r12 þ ~r23 exp (i2β)
1� ~r12~r23 exp (i2β)

, (5)

where ~rij ¼ (~ni � ~nj)=(~ni þ ~nj) are complex Fresnel coefficients,
~ni ¼ ni þ iki ¼

ffiffiffiffi
~εi

p
are the refractive index and its real and imagi-

nary parts, and β ¼ 2π dω~n2 is a phase multiplier. The overall
reflectance from the entire optical system, R(ω), is then given by

R(ω) ¼ j~r123j2: (6)

IV. RESULTS

A. Ceramic pellets

The reflectance spectra of HfO2, ZrO2 and HZO ceramic
pellets were measured to compare their IR-active phonon

parameters obtained by a fitting procedure with those of the HZO
films. As the ceramic pellets consist of randomly oriented grains, a
simple approximation is used for the total dielectric function,
where it is volume-averaged over all the possible orientations of the
grains as discussed in the Appendix of Ref. 46. In this case, all the
IR-active phonons contribute to a reflectance spectrum irrespective
of their polarization. As the reflectance was measured at room tem-
perature, all the pellets are in the monoclinic phase (part B in the
supplementary material), and 15 IR-active phonons predicted by
group analysis (Γmono

IR ¼ 8Au þ 7Bu) should be IR active. In the
reflectance spectra, we could distinguish only 14 phonon frequen-
cies for HfO2, 13 for ZrO2 and 8 for Hf0:5Zr0:5O2. The reflectance
spectra are shown in Fig. 1, and their phonon parameters are given
in Table I. The results show a reasonable agreement with calculated
and experimental data reported in the literature.21,22,38,39 From
Fig. 1, it is also clear that some of the reflectance peaks are not ele-
mentary, but their profile results from merging several peaks. This
is the reason why not all of them are seen. The lower number of
observed modes for the HZO pellet compared to the other two
pellets is due to the reduced reflectance intensity and its rapid
decrease with frequency, which are attributed to worse surface
quality (i.e., porosity). When radiation encounters a rough or irreg-
ular surface, it generates diffuse reflection, which scatters radiation
in different directions rather than just one as in the case of specular
reflection. Some modes may be coalesced of the modes of elemen-
tary components (HfO2 and ZrO2) as is typical for mixed
materials.

B. Substrates

In order to study thin films, we need to know the spectral
properties of the substrates on which they are deposited. Sapphire
(α-Al2O3) is a uniaxial crystal having a primitive rhombohedral

FIG. 1. Unpolarized room-temperature IR reflectance of HfO2, ZrO2 and HZO
ceramic pellets.
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cell with two Al2O3 formulas (10 atoms) or a conventional hexago-
nal cell with six Al2O3 units (30 atoms) and belongs to the space
group R�3c. The Al atoms occupy 12(c) sites with the C2 symmetry
and the O atoms sit in 18(e) sites with the C3 symmetry. The
decomposition of lattice vibrations in irreducible representations
yields Γ ¼ 2A1g(R)þ 2A1u þ 3A2g þ 2A2u(IR)þ 5Eg(R)þ 4Eu(IR)
and A2u and Eu acoustic modes.47–50

In the Al2O3 crystal, the A2u phonons are oriented along the
crystallographic c axis, and the doubly degenerate Eu phonons are
polarized in the plane perpendicular to this axis. It is easy to obtain
the A2u and Eu dielectric functions from the (11�20) A- and (�1010)
M-cuts orienting the IR electric field parallel and perpendicular to
the c-axis. The (0001) C-cut surface provides only the Eu compo-
nent. Our fitting of the α-Al2O3 substrate reflectance using Eqs. (1)
and (2) results in the identification of 2A1u phonons at 398 and
583 cm�1 and 4Eu phonons (at 385, 439, 569, and 634 cm�1),
which are in very good agreement with ellipsometric48 and reflec-
tance47,49,51 measurements.

When reflectance is measured from the R-cut (1102) crystal
surface of an Al2O3 crystal, two polarizations can be distinguished.
The [�1101] (c0) direction given by the projection of the crystal c
axis on the cut surface and the dielectric function is

εθ ¼ εEuεA2u

εEu sin
2 θ þ εA2u cos2 θ

: (7)

θ ¼ 57:6�, which is the angle between the c axis and the crystal
surface. The other direction is perpendicular to the previous one,
and only the Eu phonons are active in it.

To test our measurements, we substitute into Eq. (7) the
values for εEu and εA2u calculated using the phonon parameters
mentioned above, which were obtained from the reflectance mea-
surements on the A- and C-cuts. The good agreement between our
experimental and calculated spectra is demonstrated in Fig. 2. The

small peak at 860 cm�1 results from the mixing of reflectance
spectra with different longitudinal frequencies for polarizations
along and perpendicular to the c axis using Eq. (7).

While the parameters of bulk α-Al2O3 phonons are well-
known, the situation for YSZ is quite different. ZrO2 itself is highly
polymorphic, and its phases depend on temperature. When substi-
tuted by Y ions, its crystal lattice becomes additionally strongly
dependent on their concentration.52 Pure ZrO2 at room tempera-
ture is monoclinic as discussed in Sec. II, and when fully stabilized
by Y2O3 (in concentration higher than 12%), a cubic phase is
obtained.53–55 The broad IR reflectance of the YSZ substrate shown
in Fig. 3 consists of strongly overlapped phonon reststrahlen bands
forming practically one modulated band similar to that reported by
Pecharroman et al.54 on nearly 20% YSZ. No IR anisotropy was
observed in our substrates spectra giving an evidence that the sub-
strate is either in a cubic or polydomain phase. Fitting the substrate
reflectance, five IR-active bands at 270, 327, 425, 621, and
743 cm�1 can be resolved. Comparing our phonon parameters with
those reported in the literature53–55 for varying Y doping, they
show high similarity with those in a cubic phase. The cubic struc-
ture was also confirmed by XRD.42

C. Thin films

The room-temperature IR unpolarized reflectance spectra of
monoclinic HZO films with 10, 30, and 90 nm thickness deposited
on the (001) surface of a cubic YSZ substrate are shown in Fig. 3.
As the films are substantially thinner than the substrates, the
spectra are dominated by the strong restrahlen bands of the sub-
strates. The spectral features of deposited films appear as a

TABLE I. IR-active phonon parameters (in cm−1) of the HfO2, ZrO2 and HZO
ceramic pellets obtained by fitting their reflectance spectra.

HfO2 ZrO2 HZO

j ωTOj ωPj γj ωTOj ωPj γj ωTOj ωPj γj

1 131 95 63 … … … … … …
2 183 103 23 178 71 16 … … …
3 239 269 17 227 308 24 231 241 25
4 258 232 13 258 182 11 260 215 21
5 271 180 9 267 324 23 … … …
6 332 545 23 321 324 23 327 344 29
7 364 387 24 342 602 29 343 271 23
8 … … … … … … 401 353 97
9 407 501 39 406 494 32 407 240 25
10 466 54 7 445 134 18 … … …
11 507 469 45 490 543 42 507 274 47
12 591 179 35 574 257 35 581 473 218
13 634 102 28 668 315 119 … … …
14 700 341 103 721 171 40 … … …
15 771 143 43 755 139 65 … … … FIG. 2. Comparison of the Al2O3 substrate reflectivity calculated using Eq. (7)

and the phonon parameters obtained from ellipsometry spectra,48 and our
experimental reflectance polarized along the projection of the c axis on the
(1102) crystal surface in the direction [�1101]. The inset shows the R-cut
orientation.
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modulation of the substrate reflectance. Figure 3 also demonstrates
the enhancement of the intensity of the film spectral bands with
increasing thickness. It is worth noting that whereas the phonon
bands in the films located below a substrate reststrahlen band show
up as upward aiming peaks, the modes located in the substrate rest-
strahlen band in Fig. 3 ranging from 350 to 700 cm�1 manifest as
notches on the substrate reflectance. This effect is due to the
change of sign of the real part of the substrate dielectric function,
which is positive outside and negative inside the substrate reststrah-
len band, as demonstrated in Fig. 4. Comparing the phonon
parameters in the HZO films with those observed on the ceramic
pellets,38 the sharper character of our film spectra is seen. It is
caused by the higher quality of the epitaxial thin films and their
perfect surfaces, which results in lower phonon damping.

The high quality of our films allowed us to determine the
absolute value of reflectance, extract the phonon parameters, and to
calculate both components (ϵ0, ϵ00) of the complex dielectric func-
tion of the films. First, we determine the parameters of the bare
substrate fitting its reflectance using Eqs. (1) and (2) for a bulk
sample. Then, we fix all the parameters of the substrate and fit the
reflectance of the substrate covered with a thin film using Eqs. (3),
(5), and (6) for a two-slab system. This procedure allows us to
extract all oscillator parameters for the characterization of the film
modes. The fit results are shown in Table II. The real and imagi-
nary parts of the dielectric function of the 90 nm HZO film grown
on YSZ are presented in Fig. 5. They show nine phonon modes
located at 223, 251, 327, 346, 378, 412, 504, 592, and 728 cm�1.
The factor-group analysis predicts for the monoclinic phase 15
(8Au þ 7Bu) IR-active modes. The parameters of the phonons
observed in our spectra are similar to those reported in other
experimental papers on similar materials. They are shown in
Table II, and their symmetry assignment is in agreement with

Refs. 21 and 22. The contribution of all the identified film phonons
and electrons to the static permittivity ε(0) obtained using Eq. (4)
is about 20, which is in good agreement with theoretical values for
the monoclinic phase of HfO2 and ZrO2.

21,22,56 It is also worth
remarking that the positions of the film phonons in Fig. 3 are inde-
pendent of the film thickness. It means that the effect of the biaxial
strain imparted into the films by the substrate is not observed. In
other words, the phonon frequencies in these films show negligible
dependence on strain, which, as will be described in the next para-
graph, is not negligible.

The x-ray structural study of the same HZO thin films on YSZ
substrates42 has shown that they have a monoclinic structure. The
reciprocal space maps (RSMs) around the 113 reflection and trans-
mission electron microscopy observations show that the films are
coherently strained and their in-plane lattice parameters match
those of the substrate.42 The strain imposed by the YSZ substrate
on the film is tensile along the a axis (+0.3%) and compressive
along the b axis (�0.8%), which gives rise to a distorted monoclinic
structure of the film with lattice parameters (a ¼ b ¼ 5:15Å). The
epitaxial relation is Hf0:5Zr0:5O2(001)kYZS(001). Given the four-
fold rotational symmetry around the [001] substrate direction, the
tilting of the film c axis takes four different orientations, as seen in
the inset of Fig. 5, which results in four twin domains. Further
details are described in Ref. 42. When the polarized normal IR
reflectance of such films is measured, no anisotropy in the spectra
is observed as the fourfold symmetry averages all directions of
polarization. In our IR spectra, we can resolve 9 of them (without
possibility resolving their polarization) instead of 15 as it has been
mentioned above. As HZO is a solid solution, its reflectance is a
combination of the contributions of its HfO2 and ZrO2 compo-
nents, which complicates the interpretation of the spectra. The
spectra of both components are very similar, and therefore, the

FIG. 3. Unpolarized IR reflectance of an yttria-stabilized zirconia (YSZ) sub-
strate and PLD deposited HZO thin films of varying thicknesses on the YSZ
substrates.

FIG. 4. Real and imaginary parts of YSZ used as a substrate for HZO films.
The arrows indicate the limits of the YSZ substrate reststrahlen band.
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observed spectral features result from the merged and overlapped
contributions of their components.

The IR reflectance of a 30 nm HZO film grown on the (1�102)
R-cut Al2O3 substrate and the corresponding bare substrate is
shown in Fig. 6. As the substrate is IR-anisotropic, polarized IR
radiation was used to distinguish between the 4Eu substrate
phonons perpendicular to the projection (c0) in the [11�20] direction
and the mixture of 2A2u and 4Eu phonons parallel to the projection
of the substrate c0 axis in the [�1101] direction on the R-cut surface
as discussed in Subsection IV B. The total reflectance of the film
deposited on this substrate is again dominated by several strong
substrate reststrahlen bands, which originate from the Al2O3 polar
phonons. In addition, much weaker spectral features superimposed

on the substrate structure come from the film phonons. Their fre-
quencies are indicated in Fig. 6 by arrows. The film spectral fea-
tures below 400 cm�1 point upward because the permittivity of the
substrate is positive in this spectral range as discussed previously.
The reflectance rise below �100 cm�1 is caused by reflection from
the rear substrate surface due to substrate transparency in this
range. Phonons in the films existing at higher frequencies are diffi-
cult to resolve due to the complex and rich reflectivity spectrum of
the substrate. Only the decrease in reflectance at 730 cm�1 caused
by the strong phonon in the thin film is clearly visible in the left
panel of Fig. 6.

The reflectance spectra were analyzed by the same fitting pro-
cedure, as it was employed for the HZO thin films on YSZ, using
Eqs. (1) and (2) for the substrate and Eqs. (3), (5) and (6) for the
film on the substrate. The phonon parameters were extracted and
are shown in Table II. The real and imaginary parts of the film
dielectric function are displayed in Fig. 7. In this case, only 4
phonons at 220, 327, 384, and 733 cm�1 for the polarization of the
IR electric field E ? c0 and 3 phonons at 248, 346, and 509 cm�1

for the polarization E k c0 are resolved. The other phonons are
hidden behind the rich structure of the substrate phonons. The dif-
ference in frequencies between the two polarizations indicates high
anisotropy of the film, likely due to its clamping to the substrate.
The longitudinal phonon frequencies are determined by plotting
the loss function, �Im(1=~ε), peaking for Bu phonons at 229, 376,
478, and 766 cm�1, E ? c0, and for Au phonons at 288, 430, and
563 cm�1, E k c0 (part F in the supplementary material). The con-
tribution of all the observed phonons and electrons to static per-
mittivity, calculated using Eq. (4), is approximately 16, which is
slightly lower than values reported in the literature.21,22,56 This dis-
crepancy is because not all the phonons contributing to ε(0) are
observed in our spectra, as they are overshadowed by much stron-
ger substrate phonons.

TABLE II. IR-active phonon parameters (in cm−1) of the HZO thin films on YSZ
and R-cut Al2O3 substrates obtained by fitting their reflectance spectra.

HZO/YSZ HZO/Al2O3 HZO/Al2O3

Unpol. Au, E k c0 Bu, E⊥c0

j ωTOj ωPj γj ωTOj ωPj γj ωTOj ωPj γj

1 223 290 8 … … … 220 342 17
2 251 347 8 248 591 20 … … …
3 327 534 9 … … … 327 873 20
4 346 563 11 343 588 17 … … …
5 378 408 18 … … … 384 281 4
6 412 614 11 … … … … … …
7 504 609 17 509 397 14 … … …
8 592 324 16 … … … … … …
9 728 275 13 … … … 733 493 33

FIG. 5. Real and imaginary parts of the dielectric function for the 90 nm HZO
thin film deposited on the YSZ substrate. The inset (modified from Ref. 42)
shows the orientation of the film twin domains on the YSZ substrate.

FIG. 6. Frequency dependent polarized reflectance of a bare R-cut Al2O3 sub-
strate and the same substrate covered with a 30 nm Hf0:5Zr0:5O2 thin film for
the polarizations of electric field along and perpendicular to the c0 direction. The
symmetries of the thin film phonons are marked.
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We also measured the IR reflectance of 12 nm HZO thin films
deposited on the (11�20) A-, (0001) C-, and (1�102) R-cuts of Al2O3

substrates. Surprisingly, no phonons were observed in the HZO
films grown on the A- and C-Al2O3 cuts (part E in the
supplementary material). On the contrary, the film phonons are
seen on the films grown on the R-cut. The reflectance spectra are
displayed in Fig. 8. The film spectral features for the 12 nm sample
are similar to those of the 30 nm film, but their intensity is much
weaker because of their smaller thickness.

A detailed display of the low-frequency (far-IR) part of the
reflectance of the 12 nm HZO thin film on the R-cut of Al2O3 is
presented in Fig. 9, where it is compared with the reflectance of the
30 nm one. For the IR electric field E ? c0 direction, it shows 2
film phonons at 220 and 327 cm�1 for the 30 nm film and 2
phonons at 222 and 328 cm�1 for 12 nm thickness. For the E k c0

polarization, there are 2 phonons at 248 and 346 cm�1 for the
30 nm film and 250 and 350 cm�1 for the 12 nm film. The width of
the film-phonon features is relatively large in comparison with that
of the substrate phonons, which complicates the precise determina-
tion of the phonon frequency and other parameters. This broaden-
ing is mainly due to the disorder induced by the mixing of HfO2

and ZrO2 components and the domain texture as has been

observed by XRD. The phonon frequency shift between the 12 and
30 nm films is small (�2–4 cm�1) but is quite large (more than
20 cm�1) between both polarized spectra. As the film phonon fre-
quencies practically do not depend on the film thickness, it can be
assumed that the influence of the strain coming from the

FIG. 7. Real and imaginary parts of a dielectric function of a 30 nm HZO film
grown on the (1�102) R-cut Al2O3 substrate calculated from the phonon parame-
ters obtained by fitting the reflectance in Fig. 6. The anisotropy of the thin film is
clearly seen.

FIG. 8. Frequency dependent polarized reflectance of the 12 nm and 30 nm
HZO thin films grown on the R-cut (1�102) Al2O3 substrates for the polarization
perpendicular to the c0 direction and the polarization along the c0 direction on
the surface of the substrate.

FIG. 9. The low-frequency part of polarized reflectance of the 12 and 30 nm
HZO thin films grown on the R-cut (1�102) Al2O3 substrate for the polarization
perpendicular to the c0 axis and the polarization parallel to it.
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film-substrate mismatch is small, and the film is either unrelaxed
or only very slightly relaxed in the direction perpendicular to its
surface.

The thin films on all the Al2O3 cuts were deposited under the
same conditions; however, the phonon features are clearly identi-
fied only for the films on R-cuts. XRD measurements reveal that
the films on C-cuts are basically non-symmetric and orthorhom-
bic,57 while those on A-cuts contain mixtures of monoclinic and
orthorhombic phases (part C in the supplementary material). A
reason for this difference may arise from the different arrangement
of atoms on the surfaces of A, C, and R cuts. The R-plane of Al2O3

is known to have a distorted-square atomic distribution58 that
shows a good lattice match with the pseudocubic planes of ZrO2

and HfO2, having fluorite-related structures.
Indeed, epitaxial pure HfO2 and ZrO2 monoclinic thin films

on Al2O3 R-cut substrates have been successfully deposited and
characterized using XRD.59,60 According to Ref. 60, the
film-to-substrate out-of-plane orientation is given by (001)HfO2 k
(1�102)α-Al2O3 . There are two possible in-plane orientations:
[100]HfO2 k[110]α-Al2O3 and [�100]HfO2 k[110]α-Al2O3 . The
film lattice is compressed in the [11�20] and [�1101] directions of
Al2O3 in the surface plane and expanded in the perpendicular
direction.

To clarify the results of the IR measurements, the orientation
of the thin film was determined using wide-range RSMs. The low
intensity resulting from the small thickness of the films made it
impossible to perform measurements with a monochromator
within a reasonable time. As a result, diffraction peaks correspond-
ing to the characteristic Cu Kα2 and Kβ lines are also observed in
the maps. Figure 10(a) shows the RSM measured in an azimuth
scan such that the c axis of the sapphire is contained within the
map. All observed reflections were identified and attributed either
to the monoclinic HZO thin film (marked in red) or to the Al2O3

substrate (marked in black), confirming the absence of mixed
phases. The orientation of film on the R-cut Al2O3 substrate is
similar to that found for pure HfO2 and ZrO2 films.59,60 The pole
finger for symmetric reflection indicates the presence of two crys-
talline domains (part D, labeled D1 and D2, in the supplementary
material) rotated one another by 180� in the R-cut plane. Similar
domains were observed in HfO2 films.60 The presence of the two
domains does not affect the IR measurements,and they share the
same twofold b-axis oriented along the substrate c0 direction.

FIG. 10. (a) Wide-range RSM of the HZO (30 nm)/R-curAl2O3. Reciprocal
space points are indexed according to their Miller indices: those of the layer are
shown in red and those of the substrate in black. Dashed lines are visual
guides. Kβ reflections are non-labeled. (b) Schematic representation showing
the epitaxial relationships between the film (red and yellow for D1 and D2
domain orientations) and the substrate (green).

TABLE III. IR-active phonon frequencies (in cm−1). The columns (Col.) 1–3 show the phonon frequencies of HfO2, ZrO2 and HZO ceramic pellets obtained in this paper by
fitting their reflectance spectra. Columns 10 and 11 show the phonon frequencies of the 30 nm HZO thin films on Al2O3 R-cut substrates polarized along the c0 direction (Au
phonons) and perpendicular to it (Bu phonons), and Col. 12 shows the phonon frequencies of the HZO thin film on the YSZ substrate. Our phonon frequencies are compared
with those already published in Cols. 4–9.

Col. 1 Col. 2 Col. 3 Col. 4 Col. 5 Col. 6 Col. 7 Col. 8 Col. 9 Col. l0 Col. 11 Col. 12
HfO2 ZrO2 HZO HfO2 HfO2 HfO2 HfO2 ZrO2 ZrO2 HZO/Al2O3 HZO/Al2O3 HZO/YSZ
ωTOj ωTOj ωTOj Au

29 Bu
29 Au

21 Bu
21 Au

22 Bu
22 Au, E k c0 Bu, E⊥c0 Unpol.

131 … … 134 … 140 … … … … … …
183 178 … 185 … 190 … 181 … … … …
… 227 … … … … … … 224 … 220 223
239 … 231 … 240 … 246 242 … 248 … 251
258 258 260 256 255 255 262 253 … … … …
271 267 … … … … … … 305 … … …
332 321 327 … 330 … 354 … 319 … 327 327
364 342 343 362 345 393 378 347 355 346 … 346
407 406 401 415 403 … … 401 414 … 384 378
466 445 407 … … 445 449 478 483 … … 412
507 490 507 508 518 529 553 … … 509 … 504
591 574 581 607 … … … 571 … … … 592
634 668 … 661 … 661 … 634 … … … …
700 721 … … … 683 … … 711 … … …
771 755 … … 741 … 779 … … … 733 728
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Finally, a schematic representation of the orientation relationships
between the film and the substrate is shown in Fig. 10(b).

The strong anisotropy observed in the IR reflectance and
HZO film phonon parameters is induced by the strong anisotropy
of the R-cut Al2O3 substrate surface. This arises from the rectangu-
lar atomic surface lattices for α-Al2O3 and HZO, which have
similar cell parameters enabling lattice matchings. The third Al2O3

lattice parameter forms an angle (θ ¼ 57:6�) with respect to the
surface and its projection (c’ or the [�1101] direction) sets out the
anisotropy direction. The film then grows in such a way that its
monoclinic twofold axis b is oriented along the projection of the
Al2O3 c0 direction. It gives a possibility to distinguish between the
phonons transforming according to Au or Bu irreducible represen-
tations. The HZO Au phonons are polarized along the twofold b
axis, which is parallel to the Al2O3 c’ direction, whereas the Bu

phonons are polarized perpendicular to it. A complementary
picture is provided by the films grown on the YSZ substrate where
the tilting of the c axis has four-fold orientation. Both types of
phonons (Au and Bu) are observed simultaneously and form a
doublet in the phonon spectrum. This is clearly observed in our
experiments in Fig. 5. The polarized reflectance of the HZO films
on the R-cut Al2O3 substrates allows us to distinguish Au and Bu

phonons and make their assignment (Table II). They agree with
previously published theoretical and experimental data shown in
Table III. This interpretation also suggests a possible explanation
for the absence of observable IR-active phonons in the films grown
on the A- and C- cuts. This could be a consequence of the good
lattice match between the nearly square R-plane of Al2O3 and the
HZO structure, which does not fulfill for the other substrate
orientations.

V. CONCLUSIONS

We measured the IR reflectance of HZO thin films deposited
on cubic YSZ and rhombohedral α-Al2O3 substrates to show that
this technique is a useful tool for studying their phonons. We also
applied this technique to the study of HfO2, ZrO2 and HZO
ceramic pellets. Fitting the reflectance spectra, we determined their
infrared dielectric functions and phonon parameters in the IR
region. The XRD measurements were used to determine the crystal
structure of the films and their orientation with respect to the sub-
strates. Comparing the IR data with the XRD results, it was possible
to assign the symmetries of the phonons and determine their polar-
ization for the thin films deposited on R-cut Al2O3 substrates.

Al2O3 thin films as capping or blocking layers are recognized to
improve the electrical properties of HfxZr1�xO2 solid solutions.
Recently, it has been shown that inserting an ultrathin atomic Al2O3

layer improves the ferroelectricity and polarization stability of HZO
films.61 Our study, however, shows that the ferroelectricity of HZO
thin films cannot be achieved if they are grown on the R-cut Al2O3

substrates, because the films are monoclinic.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional supporting data
on the crystal structure of thin films and pellets, and longitudinal
phonon frequencies.
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