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a b s t r a c t

HfxZr1-xO2 and lanthanum-doped HfxZr1-xO2:La thin films are candidates for applications in ferroelectric
random-access memory. Here, we explore the atomic and electronic structure of Hf0.5Zr0.5O2 and
Hf0.5Zr0.5O2:La thin films grown by atomic layer deposition. Using X-ray photoelectron spectroscopy, it
was found that the oxides under study have an almost identical electronic structure and a bandgap of
about 5.4 eV. The Hf0.5Zr0.5O2:La film was shown to consist of the mixture of Hf0.5Zr0.5O2 and La2O3

phases. The bombardment with argon ions of the studied films leads to oxygen vacancy generation in the
near-surface layer. The oxygen vacancy concentrations in the bombarded films were evaluated from the
comparison of experimental valence band photoelectron spectra with the theoretical ones calculated
using the density functional theory.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
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1. Introduction

Currently, HfxZr1-xO2 thin films are considered to realize ferro-
electric random-access memory (FeRAM) as the most promising
candidates for scalable nonvolatile memory [1]. It was found that
the thin HfxZr1-xO2 films doping with lanthanum significantly im-
proves the endurance, i.e. number of read/write cycles, of FeRAM
capacitors [2,3]. The ferroelectric properties of hafnia based mate-
rials are usually explained by the noncentrosymmetric (polar)
orthorhombic phase (Pca21) stabilization that allows the sponta-
neous polarization of the oxide (ferroelectric effect) [4e6]. Ferro-
electric HfxZr1-xO2 and HfxZr1-xO2:La thin films are compatible with
silicon technology and could replace perovskite films in the tradi-
tional FeRAM [1].

The ferroelectric capacitor endurance is correlated with the
leakage current and, thus, with the charge transport and defect
generation. It is well known that the electronic and transport
in).
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properties of hafnia and zirconia-based dielectrics, as well as
HfxZr1-xO2, are mainly determined by oxygen vacancies [7e11].
Oxygen vacancies in HfxZr1-xO2 act as traps for charge carriers and
are formed during the dielectric degradation of the ferroelectric
capacitor [10,12]. The oxygen vacancies in the dielectric layer affect
the ferroelectric properties, such as polar orthorhombic phase
stabilization [13], polarization switching voltage, number of
switched domains and breakdown voltage [6,14]. To improve the
properties of ferroelectric layers, it is necessary to know the atomic
and electronic structure of oxygen vacancies in HfxZr1-xO2 and
HfxZr1-xO2:La. Currently, a lot of investigations are devoted to
HfZrO-based ferroelectric capacitors [15,16], but the atomic and
electronic structure of HfxZr1-xO2:La and HfxZr1-xO2:La having ox-
ygen deficiencies remain unclear.

The standard method for hafnia-based ferroelectric thin film
synthesis is that of atomic layer deposition (ALD). Such films are
nearly stoichiometric, so that for high-k oxide dielectrics the native
defects (oxygen vacancies) concentration is typically below 1018 -
1019 cm�3 [8,10]. Such low defect concentration is still enough to
determine the charge transport. However, such a concentration
level is too low to study the atomic and electronic structure of
National University, Hanoi. This is an open access article under the CC BY license
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oxygen vacancies using photoelectron spectroscopy. To increase the
oxygen vacancy concentration, one can use the phenomenon of
partial metal reduction by the Arþ- ion bombardment. Such an
approach was previously used for the oxygen vacancy generation in
HfO2 [17], HfO2:La [18] and HfZrO [19] films. Another method to
determine the electronic structure of oxygen vacancies is quantum-
chemical calculations using the density functional theory (DFT).

This work aims at characterizing and comparing the atomic and
electronic structure of Hf0/5Zr0.5O2 and Hf0.5Zr0.5O2:Lawith low and
high oxygen vacancy concentrations.

2. Experimental

Ferroelectric Hf0.5Zr0.5O2 (HZO) and La-doped Hf0.5Zr0.5O2
(HZLO) films with a thickness of about 25 nm were synthesized by
the ALD on a silicon substrate. Hf[NC2H5CH3]4 (TEMAH), Zr
[NC2H5CH3]4 (TEMAZ) in equal mass concentrations, and La(iPrCp)3
(tris(isopropyl-cyclopentadienyl)lanthanum) were used in the Ox-
ford Instruments OPAL system as hafnium, zirconium, and
lanthanum precursors, respectively. Oxygen plasma was used as an
oxidant for La, while H2O was utilized for Hf and Zr ALD cycles. The
samples were then annealed at 500 �C for 1 min in the N2 atmo-
sphere. A La content of about 3.5% was calculated from the corre-
sponding growth rate values and cycle ratios. Since only a small
amount of the La2O3 interlayer is introduced in the Hf0.5Zr0.5O2
layer and the La atoms are not uniformly distributed, a structural
characterization method would not be able to determine a more
precise La content.

The morphological and structural analysis of the thin film sur-
faces before and after Arþ bombardment was made using Tescan
Solaris S900 FIB/SEM system. Micrographs of the surface and cross-
section of the film were obtained in the SE (secondary electrons)
mode at electron beam energy of 20 keV and a current of 1 nA. The
parameters of measurements by the FIB (Gaþ ions) method were as
follows: ion beam energy of 30 keV and a current of 250 nA. The
cross-section size was 2 � 0.2 mm.

The X-ray photoelectron spectra (XPS) were measured using a
SPECS spectrometer with a PHOIBOS-150-MCD-9 analyzer and a
FOCUS-500 monochromator (Al Ka radiation, hn ¼ 1486.74 eV,
200 W). The peaks binding energy (BE) was calibrated by the C1s
peak position (284.8 eV), corresponding to the surface
hydrocarbon-like deposits. The survey spectrum and the narrow
spectra (valence band, Hf4f, Zr3d, C1s, O1s and La3d) were regis-
tered at the analyzer pass energy of 20 eV. The atomic ratios of the
elements were calculated from the integral photoelectron peak
intensities, which were corrected by the corresponding sensitivity
factors based on Scofield photoionization cross-sections. The Shir-
leymethodwas used for the background subtraction. A convolution
of Gaussian and Lorentzian functions was used for fitting the Hf4f,
Zr3d and O1s peaks. The ion bombardment of the sample was
performed using an ion gun (SPECS, model IQE 11/35) for the ox-
ygen vacancy generation. The Arþ ion energy, current density,
treatment time and beam anglewere 1.25 keV, 8e10 mA/cm2, 5min,
and 45�, respectively.

The valence band XPS was calculated from the first principles
with the density functional theory using the Quantum ESPRESSO
software package [20]. The defect-free crystals and crystals with a
single oxygen vacancy in Hf0.5Zr0.5O2 and Hf0.5Zr0.5O2:La in the
orthorhombic non-centrosymmetric phase Pca21 (o-HZO and o-
HZLO) were modelled. o-HZLO is obtained by replacing two adja-
cent metal atoms with La in a 96-atom supercell, which corre-
sponds to a doping level ofz2.1 at.%, and removing one common 3-
596
coordinated oxygen atom. The hybrid functional B3LYP was used,
and it gives the o-HZO bandgap value 5.6 eV. The XPS spectrumwas
calculated by summing the spectra of the projected density of
electronic states smoothed by the Gaussian function with
s ¼ 0.5 eV. The weight coefficients were obtained from the best
agreement of the calculation for defect-free HZO and the experi-
mental value fo the pristine HZO film.

3. Results and discussion

Analysis of scanning electron microscopy (SEM) images of the
HZLO sample revealed that the initial film exhibits a granular
polycrystalline structure, with a granule (domain) size of about
10e50 nm (Fig. 1a). This is the expected result [21] (Fig. 1a). The
surface morphology of the film does not change after the Arþ ion
bombardment (Fig. 1b). Therefore, the bombardment mode used
does not lead to etching film. However, after argon treatment, the
film becamemore heterogeneous, as evidenced by the blurred SEM
images. The film thickness before and after Arþ ion bombardment
remains unchanged and is about 25 nm (Fig. 1c,d).

The Hf4f and Zr3d XPS of the initial HZO and HZLO samples can
bewell approximated by single doublets (Fig. 2). The position of the
Hf4f7/2 maximum at the energy of 17.0 eV corresponds to the Hf4þ

state and coincides with the energy position of the same maximum
in HfO2 [22,23]. The difference in the binding energy values of the
O1s and Hf4f levels for the studied samples is 513.2 eV and it co-
incides with the corresponding HfO2 value. Similarly, themaximum
of Zr3d5/2 at 182.3 eV corresponds to the Zr4þ state and coincides
with the reported data for stoichiometric ZrO2 [24,25]. It seems that
Hf and Zr are mainly present in the measured samples as HfO2 or
ZrO2, respectively. However, we cannot conclude unequivocally
that the samples consist of a HfO2 and ZrO2 mixture since these
oxides have almost identical atomic and electronic structures.

A bombardment of the samples with Arþ ions leads to the
broadening of the Hf4f and Zr3d peaks towards lower binding en-
ergies. This indicates a partial disorder of the near-surface region
and the defects formation under the influence of the ion beam. For
the HZO sample, the full width at a half height (FWHM) for the Hf4f
peak increases from 1.12 eV to 1.15 eV, and for the Zr3d e from
1.18 eV to 1.23 eV. For the HZLO sample, the corresponding FWHM
values are 0.03 eV less, compared to the HZO films. The deconvo-
lution of Hf4f and Zr3d lines into separate components revealed
additional peaks with the energy values at 16.2 eV and 181.3 eV,
respectively. These peaks are characteristic for Hf and Zr in relevant
nonstoichiometric oxides (HfO2-x and ZrO2-x), where the metal
atoms have low oxidation states (1þ, 2þ, 3þ) [26,27]. The presence
of Hf and Zr states with the oxidation degree lower than in HfO2
and ZrO2 is naturally explained by the generation of a high con-
centration of oxygen vacancies in the films under the influence of
the Arþ ion beam.

The O1s XPS deconvolution to individual components shows
two peaks with the maxima at the energies of 530.2 eV and
531.8 eV, respectively (Fig. 2c). The first peak can unambiguously be
attributed to the lattice oxygen in HfO2 and ZrO2. The second one is
characteristic for weakly bound adsorbed oxygen on the sample
surface. After the Arþ ion treatment the oxygen content adsorbed
on the surface was significantly reduced.

The O1s XPS reflects the photoelectron energy loss spectrum
on the electron excitation from the valence band to the conduc-
tion band, which allows estimating the bandgap value Eg. It is
determined by the linear interpolation of that spectrum edge to
the background level (Fig. 3). For samples HZO and HZLO, the



Fig. 1. SEM micrographs of HZLO sample before (a,c) and after (b,d) Arþ bombardment.

Fig. 2. Hf4f (a), Zr3d (b) and O1s (c) XPS of HZO and HZLO samples before and after Arþ bombardment.
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energy loss spectra of O1s photoelectrons are almost identical and
the Eg value was estimated as 5.4 ± 0.1 eV. This result is consistent
with the Eg value at 5.37 eV calculated earlier for Hf0.5Zr0.5O2 from
the transmission spectra [28] and the value of 5.3 eV obtained
from the photoelectron spectra [29]. Thus, the HfZrO doping with
La to a concentration of up to 3.5 at.% does not change the
bandgap.

The La3d5/2 XPS for the HZLO sample consists of the main peak
at 834.1 eV and a satellite at 836.8 eV, which is typical of La3þ state
in La2O3 [30e32] (Fig. 4). The satellite is attributed to the process in
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which the electron density shifts from filled O2p to empty La3þ 4f
levels (the so-called shake-up satellite) [33]. The difference be-
tween the binding energy values for the La3þ satellite and the main
peak of La3d5/2 is 4.7 eV. This value is typical of La2O3, whereas, for
lanthanum hydroxide, this value lies in the range of 3.6e3.9 eV
[31,34]. Thus, the XPS of La3d5/2 indicates that the La atoms in HZLO
are mainly included in La2O3. The La3d5/2 main peak FWHM for the
initial sample is 2.05 eV and it increases to 2.2 eV after the
Arþ bombardment. That indicates the partial disordering of the film
surface region (structural defects formation).



Fig. 3. Fragment of the XPS O1s of HZO and HZLO initial samples, illustrating the
method for bandgap value determining.

Fig. 4. La3d5/2 XPS of HZLO sample before and after Arþ bombardment.

Table 1
The near-surface layer (at.%) composition of HZO and HZLO samples before and after
Arþ ions bombardment.

Samples Hf Zr O C La

HZO 12.0 14.8 47.3 25.9 e

HZO-Arþ 16.4 18.1 59.0 6.6 e

HZLO 11.7 14.3 45.9 27.6 0.9
HZLO-Arþ 16.2 17.6 58.4 7.2 1.0

Fig. 5. Valence band XPS of the HZO (a) and HZLO (b) samples before and after ion
bombardment (symbols), as well as the calculated ones for the perfect crystals and for
crystal with differently coordinated O vacancies (lines). On the figure (b) the dashed
lines in the inset are the calculated spectra for 12 different positions of the oxygen
vacancy in the crystal; the blue curve is the averaged spectrum.
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The elements atomic ratios for the HZO and HZLO samples
before and after the Arþ ion bombardment are shown in Table 1.
The atomic ratio [Zr]/[Hf]~1.2 differs from that expected for HZO
and HZLO films (~1) that can be explained by a different degree of
screening of Hf and Zr by adsorbates, by different free path lengths
l of Hf4f and Zr4f photoelectrons and by the inaccuracy of the
atomic sensitivity coefficient values. After the Arþ ion treatment,
the carbon concentration on the surface decreases significantly,
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and the films composition changes slightly. The [O]/[ZrþHf]
atomic ratio 1.76 and 1.77 for the initial HZO and HZLO films are
decreases to a value of about 1.71 and 1.73, respectively after the
Arþ ion bombardment. Taking into account the normalization for
the initial HZO film to the stoichiometric oxide [O]/[HzþZr] ¼ 2,
the argon bombardment reduce the atomic ratio to 1.94 and 1.96
for HZO and HZLO films respectively. The obtained La low content
value of about 1 at.% in the HZLO film can be explained by its
nonuniform distribution. Similar values were reported by
Hamouda et al. before [16].

The valence band photoelectron spectrum shows that, after the
Arþ bombardment, a low-intensity peak appears above the valence
band edge (Fig. 5). The experimental spectra are well described by
the peaks calculated from the first principles for ideal o-HZO and
o-HZLO crystals and crystals with oxygen vacancies. The agree-
ment between the calculation and the experiment indicates the
correctness of the used theoretical model. The calculated spectra
of the crystals with oxygen vacancies show a peak in the bandgap
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at about 3.4 eV above the valence band edge, which coincides with
the experimental peak position. This calculated peak intensity is
proportional to the oxygen vacancies concentration, and the
experimental peak is well described by the theoretical one ob-
tained in the calculation of one vacancy per 96 atoms. Thus, the
calculations confirm the conclusion that the Arþ ion bombardment
generate the oxygen vacancies in the near-surface oxide layer and
allows us to estimate the resulting vacancy concentration. The
estimation of oxygen vacancy concentration in the studied films
after the Arþ bombardment results in 8.7 � 1020 cm�3. On the
other hand, the calculated atomic ratio value [O]/[ZrþHf] ¼ 1.96
very well agrees to that obtained from the XPS analysis of the Hf4f,
Zr3d and O1s levels. Note also that, after Arþ ion bombardment, a
weak broadening of the upper edge of the studied oxides valence
band is also observed. This feature is not explained by the presence
of oxygen vacancies.
4. Conclusion

In the present study, the atomic and electronic structure of
25 nm thick Hf0.5Zr0.5O2 and La-doped Hf0.5Zr0.5O2 (with a La con-
centration of about 3.5%) films synthesized by ALDwas investigated.
According to the X-ray photoelectron spectroscopy, the La atoms in
Hf0.5Zr0.5O2:La are mainly in the form of La2O3. The bandgap value
estimation from the energy loss spectrum of O1s photoelectrons for
the Hf0.5Zr0.5O2 and Hf0.5Zr0.5O2:La results in a similar value of
5.4 eV. The bombardment of Hf0.5Zr0.5O2 and Hf0.5Zr0.5O2:La films
with argon ions leads to the oxygen vacancies generation therein.
The valence band photoelectron spectra of perfect Hf0.5Zr0.5O2 and
Hf0.5Zr0.5O2:La orthorhombic crystals, calculated by the first prin-
ciple simulation, very well describe the experimental spectra of the
initial films, whereas the theoretical spectra for the crystals with
oxygen vacancies (one vacancy per 96 atoms) explain the spectra of
the films after their bombardment with argon ions for 5 minutes.
The estimated oxygen vacancies concentration in the films after the
Arþ bombardment is 8.7 � 1020 cm�3. The calculated atomic ratio
value [O]/[ZrþHf] ¼ 1.96 very well agrees with the value obtained
from the analysis of the Hf4f and Zr3d core levels. For the initial
samples, the sensitivity of X-ray photoelectron spectroscopy is not
good enough to reveal the oxygen vacancies’ concentration.
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