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Ferroelectricity was recently reported in thin films with several compositions in the HfO,-ZrO, system with
orthorhombic crystal structure. In the present paper we study the growth by pulsed laser deposition and the
structural characterization of strained epitaxial HfysZrysO, films on (001)-oriented yttria-stabilized zirconia
(YSZ) substrates. We have determined the conditions for the coherent growth and correlated the deposition
parameters with the films structure and microstructure studied through a combination of x-ray diffraction, electron
backscatter diffraction, and scanning transmission electron microscopy. In the range of experimental parameters
explored, all the films show monoclinic structure with distorted lattice parameters relative to bulk.
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I. INTRODUCTION

Ferroelectric materials present a broad range of tech-
nological applications: capacitors, piezoelectric transducers,
pyroelectric detectors, ferroelectric random access memories,
magnetic field sensors, etc. [1]. Some of the most widely
used ferroelectrics are relatively complex oxides, such as
(Ba,Sr)TiO3, Pb(Zr,Ti)O3, and SrBi;Ta;Oy. Consequently,
the recent discovery of ferroelectricity in simple oxides of the
IV-group transition metals has triggered an intense research
activity on this family of compounds. After the initial report
on ferroelectric Si-doped HfO; films [2], ferroelectricity or
antiferroelectricity was observed or predicted in thin films of
undoped HfO; (Refs. [3,4]) and ZrO, (Refs. [5,6]), Hf |, Zr, O,
solid solutions [7,8], and ZrO,/HfO, multilayers [9,10], as
well as in the modified oxides with several dopants [11,12].
A ferroelectriclike behavior was claimed even in ultrathin
TiO, films [13]. From the basic point of view, the attempts
to clarify the novel mechanisms underlying the unexpected
ferroelectricity of such simple compounds are still underway.
Furthermore, this phenomenon will have important practical
implications, as HfO; is largely used in the microelectronics
industry due to its compatibility with silicon, high dielectric
constant, wide band gap, large breakdown field, and superior
thermal and chemical stability [14]. Specific applications of
ferroelectric Hf O,-based materials for supercapacitors, mem-
ories, field-effect transistors, pyroelectric infrared sensors,
cooling devices, or microelectromechanical systems have been
explored and are reviewed in a number of publications [15-18].

“Corresponding author: jpardo@unizar.es

2475-9953/2018/2(1)/013401(7)

013401-1

HfO, and ZrO, are very similar in their structure and
properties and show total solubility in the whole compositional
range [19]. In thermodynamic equilibrium at ambient pres-
sure, the Hf,_,Zr,O, solid solution (hereafter denoted HZO)
presents for any x value a high-temperature fluorite-type cubic
structure which transforms upon cooling into a tetragonal
one, and then to the room-temperature stable monoclinic
phase through a martensitic transformation involving a large
volume expansion. However, several metastable phases with
orthorhombic symmetry were prepared in this system by
high-pressure synthesis [20-22]. Of particular interest is the
early report of a noncentrosymmetric orthorhombic phase in
Mg-doped ZrO, (Ref. [23]).

The delicate energy balance between the structural variants
of the HZO system is likely to induce transitions between them
driven by small external perturbations, such as mechanical
stress or chemical doping [24-26]. In the case of the recently
reported HZO thin films, the dependence of the ferroelectric
behavior on the film thickness and grain size, substrate,
bottom electrode, capping layer, thermal treatment, dopants,
or electric-field cycling, has been analyzed [11,27]. However,
most of the studies published to date on ferroelectric HZO
refer to polycrystalline films with grain dimensions in the
nanometer range. The large surface-to-volume ratio of these
nanometer-sized grains, together with the strain imposed by the
substrate, have been proposed as the driving forces allowing
the stabilization of the nonequilibrium structure [3,7,28]. This
phase belongs to the orthorhombic space group Pbc2; and
its lack of inversion symmetry is now believed to be at the
origin of the ferroelectric behavior of HZO [29]. Nevertheless,
the possible influence of grain boundaries, oxygen vacancies,
impurities, and other defects on the stabilization of this or-
thorhombic phase and its ferroelectric behavior has not been
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sufficiently studied. To overcome these limitations, single-
crystal and epitaxial films of the pure oxides would be the
ideal playground to disentangle intrinsic and extrinsic effects.
In this sense, the reports on the preparation and electrical
characterization of epitaxial films are very scarce and limited
to yttrium-doped Hf O, films, where the 3+ oxidation state of
Y induces the presence of oxygen vacancies [30].

In addition to the experimentally observed phases of HZO
and the corresponding terminal compounds, density-functional
theory (DFT) calculations have predicted the occurrence of
several other structures under the appropriate conditions of
pressure, temperature, or applied electric fields [31,32]. Or-
thorhombic, monoclinic, and triclinic phases lacking inversion
symmetry, and thus compatible with ferroelectricity, could in
principle be stabilized through epitaxial growth as a result of
the biaxial distortion exerted by the substrate [26,31,32]. Ac-
cording to these DFT predictions [31], the Pbc2; orthorhombic
structure can be grown by compressing the P4,/nmc parent
phase along one of the orthorhombic axes, thus inhibiting
the transition from the tetragonal to the larger-volume, stable
monoclinic P2;/c structure. In fact, the growth of coher-
ently strained epitaxial films on the appropriate substrates
is a well-known strategy used to prepare metastable phases
of oxides through the so-called epitaxial stabilization [33].
In the particular case of thin films of ferroelectric oxides,
this technique allows engineering their functional properties
by tuning the epitaxial strain value [34] and even inducing
ferroelectricity in nonferroelectric materials [35,36].

Our goal in the present study is, hence, to prepare strained
HZO epitaxial films, determine their structure resulting from
epitaxial strain and correlate their microstructure and func-
tional properties with the deposition conditions. We focus on
the 50% ZrO,-50% HfO, solid solution, as polycrystalline
films with this composition show robust ferroelectricity down
to few nanometers thickness, with significant remanent polar-
ization and piezoelectric response [7,27,37].

II. EXPERIMENTAL

A ceramic target with composition Hf sZrg 50O, was pre-
pared by solid-state reaction. Stoichiometric amounts of HfO,
and ZrO, were mixed, ground, and calcined at 1000°C
overnight. Then, the powder was ground, pressed, and sintered
at 1400°C for 3 days in air. The resulting crystal structure
was analyzed by x-ray diffraction (XRD) in a Rigaku D/max-
B instrument with a copper rotating anode and a graphite
monochromator to select the Cu-K« radiation. The step-
scanned patterns of the sample revealed a monoclinic single
phase. The crystal structure of the Hfjy 5Zry 50, polycrystalline
target resolved by x-ray powder diffraction and Rietveld
refinement confirmed the expected monoclinic structure (space
group P2, /¢, No. 14) with lattice parametersa = 5.1348(3) A,
b =5.19203) A, ¢ = 5.3078(3) A, B = 99.196(3)°, and cell
volume V = 139.69(1) A’

The Hfys5Zry50, films were grown by pulsed laser de-
position (PLD) on (001)-oriented yttria-stabilized zirconia
(YSZ) substrates, with a cubic fluorite structure (lattice con-
stant 5.15 10%), similar to all the forms of HZO and exerting
compressive stress on its longest axes [21,24,26]. We used a

commercial chamber from Neocera with background pressure
below 107 Torr and a KrF excimer laser with 248 nm
wavelength. The laser repetition rate was kept at 10 Hz and
the fluence on the target at around 1J/cm?. The substrate
temperature and oxygen pressure in the chamber during growth
were systematically scanned in the ranges 250 °C-850°C
and 10™#-10~" Torr, respectively. For selected values of the
substrate temperature, films with 5, 10, 15, 30, 80, and 90 nm
thicknesses were deposited.

The crystal structure and thickness of the films were studied
by XRD and x-ray reflectometry (XRR) using a Bruker
D8 Advance high-resolution diffractometer equipped with
parallel-beam optics and monochromatic Cu-K«) radiation
(1.54056 A wavelength). Reciprocal space maps of several
HZO structures were simulated by the Wizard software from
Bruker. The Hf/Zr ratio in the films was measured by x-ray
photoelectron spectroscopy (XPS) in a Kratos Axis SUPRA
spectrometer employing a monochromatic Al Ko (1486.6 eV)
x-ray source. The spectra were analyzed using Casa software,
including background subtraction of a Shirley baseline. The
local microstructure was observed by scanning transmission
electron microscopy (STEM) on a probe corrected FEI Titan
60-300 microscope equipped with a high-brightness field
emission gun (X-FEG) and a CEOS aberration corrector
for the condenser system. This microscope was operated at
300 kV to enable a probe size below 1 A. In order to explore
the presence of twin domains and measure their size and
crystallographic orientation, electron backscatter diffraction
(EBSD) was carried out using an HKL detection system from
Oxford Instruments installed in a Merlin (Carl Zeiss) field
emission scanning electron microscope (SEM). The electron
probe had 15-20 kV energy, depending on the film thickness,
and 1 nA current. Charge was compensated using the gas
injection system of the SEM [38]. Energy-dispersive x-ray
spectroscopy (EDS) was used to verify the lateral homogeneity
of the elemental composition of the films.

III. RESULTS AND DISCUSSION

In the search for the optimal growth conditions of epitaxial
HZO films, we carried out first a systematic study of the
effect of the substrate temperature during deposition on the
films structure. The expected 50% Hf-50% Zr concentration
was confirmed in these samples by XPS and the lateral
homogeneity of the Hf and Zr distribution was proved by EDS.
Figure 1 shows the symmetric 6/26 XRD profiles around the
YSZ (002) reflection, measured in 10 nm-thick films grown
under 10-mTorr oxygen pressure. The broad rounded peak
located around 26 ~ 33°-34° corresponds to the HZO film.
No diffraction from the film is observed below a temperature
threshold (around 350 °C), pointing out that the thermal energy
during growth is insufficient to produce single-crystal samples
and they become either amorphous or polycrystalline. For
the crystalline films (substrate temperature above 350 °C),
no other diffraction peak was detected in the 20°-70° 26
range, proving the epitaxial growth with a unique out-of-plane
interplanar spacing. Von Laue’s oscillations can be observed
at both sides of the film main reflection, which demonstrate
a good crystalline coherence along the whole film thickness.
The crystal quality of the films was evaluated by measuring
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FIG. 1. Symmetric 6/260 XRD patterns around the YSZ (002)
reflection, measured in 10-nm-thick HZO films grown at 10 mTorr
and different substrate temperatures. The dashed line is a guide to the
eye.

rocking curves, i.e., fixing 26 in Bragg condition and then
tilting the incidence angle. These curves (not shown) become
slightly narrower upon increasing the deposition temperature,
evidencing the continuous improvement of the film crystal
quality, as it is commonly observed in epitaxial growth. For
instance, full width at half-maximum (FWHM) values of

39 r : . : Counts (a.u.)
: HZO(113 +

37
i

536
g 35} 1

HzO(113
34+ { )

170 172 174 176
Q, (nm)

0.061° and 0.049° were found in 10-nm-thick films grown at
350°C and 750 °C, respectively.

Rocking curves were also used to study the influence
of oxygen pressure in the chamber during deposition. The
formation of oxygen vacancies in these films is unlikely, given
the huge resistance of ZrO, and Hf O, to reduction. However,
this parameter influences the growth process mainly through
the plume expansion dynamics. In our experiments, at every
fixed growth temperature, the rocking FWHM increased by
around 20% for 1 mTorr and 100 mTorr of oxygen relative to
the 10 mTorr value. No other significant effect of the oxygen
atmosphere was observed, and consequently 10 mTorr was
selected as the standard pressure for the epitaxial growth.

To get a deeper insight into the crystal structure of the
films, reciprocal space maps were measured around the (113)
reflection of the YSZ substrate. Figure 2(a) shows a rep-
resentative example, obtained in a 10-nm-thick film grown
at 550°C. The two reflections of the film correspond to 26
values of 55.76° (lower) and 61.41° (upper). Based on the
published structural data for all the phases of ZrO, and HfO,
(Refs. [21,24,25]), these reflections are only compatible with
a monoclinic structure and can be indexed as (113) and (113),
respectively (the corresponding 26 values in our Rietveld
refinement of the polycrystalline target are 55.67° and 61.59°).
The fact that all three reflections shown in Fig. 2(a) have
the same in-plane component (Q, ) of the scattering vector Q
indicates that the film is coherently strained and its in-plane
lattice parameter matches that of the substrate [39]. To study the
possible relaxation of this epitaxial strain, we systematically
measured reciprocal space maps around the same reflection
for all the epitaxial films grown under different experimental
conditions. All the maps obtained present the (113) and (113)
monoclinic reflections of the HZO film aligned vertically with
the (113) of the YSZ substrate. This proves that the films remain
fully strained for all the experimental conditions explored, even
up to the largest thickness values. As an example, Fig. 2(b)
shows the result for a 90-nm film deposited at 750 °C.

From the previous diffraction experiments, we conclude that
all our HZO films deposited at temperatures equal to and above
350°C are epitaxial, show monoclinic structure, and grow
coherently with their a and b axes parallel to the in-plane cubic
directions of the YSZ substrate. As a result of this mechanical
constriction, the HZO films have a = b = 5.15A and thus

Counts (a.u.)
+

39 T T T T

P ]
HZO(113)

17.0 17.2 17.4 176
Q, (nm™")

FIG. 2. Reciprocal space maps measured around the YSZ (113) reflection for a 10-nm-thick film grown at 550 °C (a) and for a 90-nm-thick

film grown at 750 °C (b).
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FIG. 3. Dependence of the 26 angle of the HZO films reflection
(left) and the corresponding c lattice parameter (right) with the depo-
sition temperature for the samples shown in Fig. 1. The continuous
lines are eye guides and the dashed lines show the respective values
of bulk HZO.

distorted lattice parameters and higher symmetry than the bulk
phase (which has a # b). The strain exerted by the substrate on
the film along the in-plane directions, defined as the difference
between the Hf sZr 50, film and bulk parameters normalized
to the latter, results in +0.3% (tensile) along a and —0.8%
(compressive) along b. Regarding the ¢ and 8 parameters of
the film, they can be computed by fitting the | Q| values of
the monoclinic reflections shown in the reciprocal space maps
through the expression

Owal> W kP

n 2hl cos B
472 @2%in’B 0 b2 2sin’B

acsin’p

(D

where |é niki| 18 the scattering vector associated with the (hkl)
Miller indices [39]. For instance, the fit in the 10-nm film
grown at 850°C, the one showing the best crystal quality,
yields a = 5.15A,b = 5.15A,c =5.31A, B =99.15°, and

V =139.04 A3. The monoclinic ¢ axis is thus tilted by 9.15°
relative to the surface normal and its in-plane projection is
parallel to [100], [010], [100], and [010] directions of YSZ.
Essentially, similar results were obtained in the rest of the
samples, the 8 angle being constant within the experimental
resolution. In consequence, the film reflection seen in Fig. 1
on the left side of the substrate peak can be indexed as (002)
in the monoclinic axes defined previously. Its angular position
and the corresponding ¢ parameter depend on the substrate
temperature as shown in Fig. 3. It can be seen that ¢ approaches
the value of the HZO bulk target as the growth temperature
increases.

Although we have proved the epitaxial relation
HZ0O(001)//YSZ(001), given the fourfold rotational symmetry
of the substrate along the [001] direction, a tilting of the ¢
axis of the film can take place along the four different YSZ
cubic directions on the (001) plane. As a consequence, twin
domains with four orientation variants (OV) are expected (see
illustration in Fig. 4). The resulting microstructure will have
a strong influence on the functional properties of the films.
In particular, if they are ferroelectric, the crystallographic

of twin domains in the monoclinic HZO films grown epitaxially on
cubic YSZ.

grain size will fix an upper limit for the ferroelectric domain
size. In order to verify these predictions and simultaneously
correlate the grain distribution with the deposition conditions,
films with different thickness and growth temperature were
analyzed using EBSD. Figure 5 shows the EBSD maps of
three selected samples [Figs. 5(a)-5(c)], and the (001) pole
figure [Fig. 5(d)] for the one presented in Fig. 5(a) (the others
are similar). The pole figures show that indeed we do have
the four expected orientations. The ¢ axes of the variants
are misoriented 9° apart from the [001]-YSZ axis and tilted
towards the fourfold YSZ symmetry axes, as expected from
substrate-film epitaxy relationships. For the EBSD maps
we have used a color scheme in which we assigned to each
orientation variant a color (red, blue, green, and yellow, in
accordance with Fig. 4) corresponding to its orientation in the
[001]-HZO pole figure. Just to make it clear, the same color
code has been used also for the respective spots in the pole
figure represented in Fig. 5(d).

The first conclusion from our EBSD experiments is that
the deposition temperature has a strong influence on the size
and shape of the grains, as is typically found in thin-film
growth [40]. The melting point of HZO with 50% Hf content
is T, = 3100K (Ref. [19]). In consequence, the films grown
at a substrate temperature 7y = 850°C (thus 7T /T, =~ 0.36)
are in the zone-T regime defined by Petrov et al. [41], where
surface diffusion is significant. This explains the high degree
of faceting and texture visible in Figs. 5(a) and 5(b): the top
surface of the grains is approximately triangular in shape, with
the sharpest angle pointing towards the in-plane projection
of ¢ axis [see pole plot in Fig. 5(d)]. However, at 450°C
(T;/T,, =~ 0.23) adatom mobilities are quite limited, which
gives low lateral growth rates and small domains [Fig. 5(c)].
In fact, in the 30-nm-thick films we have estimated the lateral
domain size (D) as the average of square roots of individual
surface areas, getting D ~ 250 um for Ty = 850 °C [Fig. 5(a)]
and D ~ 5 um for T; = 450 °C [smaller grains are shown in
Fig. 5(¢)].

Figure 5 also shows a marked increase of the monoclinic
domain size when the film thickness () increases. This is clear
by comparing the films grown at 7, = 850 °C, which show
lateral domain size D ~ 0.25 mm for¢# = 30 nm [Fig. 5(a)] and
D =~ 0.50 mm for + = 90 nm [Fig. 5(b)]. At this temperature,
competitive growth takes place and grain coarsening occurs
due to the coalescence of islands [41]. Three-dimensional
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FIG. 5. EBSD maps of the 30-nm-thick HZO film prepared at
850°C (a), 90-nm-thick HZO film prepared at 850 °C (b), and 30-
nm-thick HZO film prepared at 450 °C (c). A zoom of the central part
of the (001)-HZO pole figure is shown in (d). The color scheme used
for the maps corresponds to the orientation of the different domains in
the (001)-HZO pole figure (up: red; right: yellow; left: blue; bottom:
green), and is the same as in Fig. 4. The X-Y axes of the three maps
and of the pole figure are parallel to the [100] and [010] axes of the
YSZ substrate, respectively, as indicated in (a).

simulations of the competition between the vertical growth
rates of individual domains in these conditions predicted a
D ~ t*/5 dependence [42,43]. Although our results contain
only two points, D(¢) roughly follows a similar trend.

About the relative abundance of the different orientation
variants, one could expect, due to the substrate symmetry, that
the total area corresponding to each one are similar. In Table I,
we collect the area percentage of the four domains on the EBSD
maps. For the films prepared at 850 °C the percentages are
not dissimilar. The deviation from the theoretically expected
value (25%) could be due to incomplete sampling. However,
in the case of the film deposited at low temperature [Fig. 5(c)],
the majority domain (58%) can almost be considered as a
continuous matrix. This unbalance is most probably statistical

TABLE 1. Relative occurrence of the four orientation variants
estimated from the EBSD experiments.

Area percentage

30nm-850°C 90 nm-850°C 30nm-450°C
ov1 34 26 5
oV 2 15 14 22
ov3 27 38 15
Oov 4 23 22 58

in nature. It must be noted that, for an adequate observation
of the domains, the surface scanned in Fig. 5(c) is much
smaller (50 um x 50 um) than the one of Figs. 5(a) and 5(b)
(2.8 mm x 1.5 mm). So a complete scan of the film shown
in Fig. 5(c) would produce similar sizes of the different twin
domains.

The local structure of individual grains was studied by high
angular annular dark field (HAADF) imaging in STEM, a
Z-contrast imaging technique useful to image the metal cation
lattice. Figure 6(a) shows an atomic resolution cross-section
image of a 10-nm-thick HZO film deposited on YSZ at 850 °C,
which confirms the growth of an atomically flat epitaxial layer.
A detail of this image is highlighted in Fig. 6(b), where the
atomic arrangement of the metal cations of the HZO structure
can be clearly visualized. Only one kind of structural domain
has been observed by STEM analysis. This is perfectly reason-
able when taking into account the huge size of the monoclinic
domains observed by EBSD (in the range of tens or even a hun-
dred micrometers) in comparison with the sampling area and
field of view of STEM, which are typically of 1-2 p«m and tens
of nanometers, respectively. This crystal structure matches well
with the monoclinic phase (space group P2;/c) reported in
Ref. [44], with the monoclinic axes b (on the image plane) and
a (out of the image plane) in the substrate plane, and the projec-
tion of the monoclinic ¢ axis on the image plane and along the
growth direction. The HAADF-STEM images confirm that the
film grows fully strained by geometrical phase analysis [45] of
alower magnification HAADF image [Fig. 6(c)]. The analysis
of the in-plane lattice variation along the image shows that
the in-plane lattice parameter of the HZO matches that of the
substrate all along the film thickness. No misfit dislocation or
strain-relaxing defect is observed. On the other hand, the out-
of-plane lattice parameter of the film is 2.6(9)% larger than that
of YSZ, which corresponds nicely well with the out-of-plane
strain derived from the lattice parameters determined by XRD.

The electrical behavior of the films was assessed through
polarization (P) versus field (E) curves measured with the
electric field applied along the film plane through patterned
interdigital electrodes (results not shown here). The mea-
surements were carried out in representative samples in the
temperature range 100 to 300 K and show a linear P-E depen-
dence up to the maximum applied filed (E = 37.5kV/cm).
In conclusion, no sign of ferroelectric behavior was detected,
as was expected for our HZO films with monoclinic crystal
structure. Nevertheless, it is worth reminding that ferroelectric
HfO,-based films show unusually high coercive fields, in the
order of 1 MV /cm (Refs. [7,11]). This would hinder the
detection of hysteretic behavior in our films with this geometry
even if they were ferroelectric.
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FIG. 6. (a) Aberration corrected HAADF-STEM image of a 10-nm-thick HZO film grown on YSZ (001) at 850 °C. (b) Detail of the atomic
structure. (c) Geometrical phase analysis (GPA) of a low magnification image of the same film (top image), including the in-plane deformation
(&, central panel), and the out-of-plane deformation (e, lower panel) of the film’s lattice parameter with respect to that of the substrate.

Future works aimed at stabilizing one of the orthorhombic
phases of HZO through epitaxial strain should probably use
higher values of stress. Recent DFT calculations for HfO,
(Ref. [32]) predict that this could be achieved with a biaxial
compression producing an in-plane lattice surface area lower

than around 26 A2 per unit cell. In the case of our YSZ

. . 02 .
substrates, this value is 26.5 A . We are currently working
to increase the epitaxial strain through the use of different
single-crystal substrates.

IV. SUMMARY AND CONCLUSIONS

We have carried out a comprehensive structural and mi-
crostructural study by XRD and HRTEM of HZO thin films
grown on YSZ (001) substrates by pulsed laser deposition, and
determined the optimal conditions for the epitaxial growth of
fully coherent monoclinic films. The strains imposed by the
cubic substrate on HZO are tensile along a and compressive
along b, which gives rise to a distorted monoclinic structure
with a = b and thus higher symmetry than the bulk phase. The
films present twin domains with four different orientations, as
was expected from symmetry considerations and confirmed by

EBSD. A strong correlation of the domain size and shape with
the film thickness and substrate temperature during deposition
has been observed. No ferroelectric behavior was detected
in any of the films (within the detection limits). This fact
is ascribed to the relatively low epitaxial strain induced by
the YSZ substrates on the HZO films, which is not high
enough to inhibit the tetragonal to monoclinic transformation.
Nevertheless, this study is a preliminary step towards the
epitaxial strain-engineered growth of the ferroelectric phases
reported or predicted in the HfO,-ZrO, system. Attempts
to increase the epitaxial strain through the use of different
substrates are underway.
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