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This study examined the structural evolution of ultrathin Hf1−xZrxO2 composite films with various mixing
ratios �x=0,0.1,0.3,0.5,0.7,0.9,1� prepared by atomic layer deposition using x-ray photoelectron spectros-
copy �XPS�, x-ray absorption spectroscopy �XAS�, and x-ray absorption fine structure �XAFS� analysis. As the
relative Zr concentration �x� was increased, the composite films underwent a martensitic transition from
monoclinic to tetragonal crystal structures near x=0.5–0.7. Zr K- and Hf L3-edge XAFS revealed a change in
the local structures near the Zr and Hf atoms with changes in the crystal structure. At a low Zr content �x
�0.5�, the next-nearest-neighbor coordination in the monoclinic �m� local structure showed significant struc-
tural disorder due to diverse structural reconstruction from the tetragonal �t� local structure. Combined XPS
and O K-edge XAS studies revealed a decrease in the conduction-band �CB� edge energy with increasing x,
whereas the valence-band edge energies were invariant. The evolution in the CB structures was analyzed using
the concept of metal-ion crystal fields in the t and m cluster models.
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I. INTRODUCTION

As the dimension of complementary metal-oxide semi-
conductor field-effect transistor �CMOSFET� shrinks, the
downscaling of the SiO2 gate dielectric reaches its physical
limit due to the high leakage current and reliability problems.
Hf-based gate dielectrics are considered one of the most
promising candidates for replacing SiO2 gate dielectrics. Hf-
based gate insulators with a metal gate have already been
implemented in mass production.1 However, some challeng-
ing problems still remain, such as high threshold voltage
�Vth�, large amounts of oxide trap charges, and other reliabil-
ity concerns.2–7 The addition of other atoms, such as N, Si,
Al, or Zr, has been reported to overcome those problems in
Hf-based gate oxides.3,8,9 Recently, a mixture of HfO2 and
ZrO2, i.e., HfZrO, has attracted increasing attention as a gate
dielectric in CMOSFET �Refs. 10–12� because it guarantees
significantly improved electrical performance and bias tem-
perature instability �BTI� characteristics compared to HfO2.9

The improved CMOSFET characteristics in the case of
the HfZrO gate dielectrics are due to the superior physical
properties of HfZrO than HfO2.9 Aside from the interface
effect, in which various atomic configurations at the Si inter-
face affect the electrical properties of the CMOSFETs,13–15

the bulk properties, such as the defect formation energy,
grain size, or atomic coordination in the gate dielectrics, can
induce a range of electrochemical properties in the oxides.
The bulk defect states in the high-k oxide undoubtedly de-
grade the dielectric properties even reducing the band
gap.16–18 The smaller grain size and enhanced uniformity in
the HfZrO compared to those in HfO2 improve the Vth and
BTI characteristics indirectly by controlling the trap states.9

The atomic coordination in the Hf-O and Zr-O bonds should
also be an important factor, as shown in Hf or Zr
silicates.19,20 In the case of HfO2, the most stable crystal
structure is a monoclinic �m ; P21 /c� phase, so the local Hf-O
clusters prefer to have sevenfold coordination at room

temperature.21,22 In contrast, ZrO2 favors a tetragonal crystal
structure �t ; P42 /nmc� if the film is as thin, as in actual gate
dielectrics �approximately few nanometers�. Hence, the Zr-O
bonds prefer to form eightfold coordination at room
temperature.20,23,24 Therefore, the mixing of HfO2 and ZrO2
should induce a nontrivial local phase transformation as the
composition ratio �x� changes. In addition, the local dielec-
tric polarization is determined mainly from the local struc-
tures, except for minor contributions from charge transfer
between clusters.20,25 Therefore, it is important to examine
the evolution of local structures with increasing x in
Hf1−xZrxO2 composite films.

II. EXPERIMENTAL METHODS

80-Å-thick Hf1−xZrxO2 composite films with various
mixing ratios �x=0,0.1,0.3,0.5,0.7,0.9,1� were deposited
on HF-cleaned Si wafers by plasma-enhanced atomic-
layer deposition �PEALD�. Hf�N�C2H5��CH3��4,
Zr�N�C2H5��CH3��4, and plasma-activated O2 were used as
the Hf precursor, Zr precursor, and oxidant, respectively. The
wafer temperature was 280 °C. After the PEALD cycles,
rapid thermal annealing was performed in an N2 ambiance to
improve the crystallinity. Although the films crystallized at
500–550 °C, the annealing was performed at 950 °C to en-
sure the crystallization. The high-temperature treatment did
not influence the chemistry or structure of the films. X-ray
fluorescence confirmed that the composition ratios �x� in the
films were similar to those deduced from the respective
PEALD cycles of the Hf and Zr sourcing processes.

The local structures near the Hf and Zr atoms in the
Hf1−xZrxO2 films were examined by x-ray absorption fine
structure �XAFS� analysis. Fourier transformations of the ex-
tended XAFS �EXAFS� oscillations in the Hf L3- and
Zr K-edge x-ray absorption spectroscopy �XAS� spectra pro-
vide real space information on the coordination of the re-
spective atoms. The experiment was carried out at room tem-
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perature at the 3C1 beamline in Pohang Light Source �PLS�.
The conduction-band �CB� structure was also examined us-
ing O K-edge XAS. Although O K-edge XAS primarily re-
flects the unoccupied O 2p states, it is frequently used to
examine the metal-ion CB, which is well hybridized with the
O 2p wave functions. The O K-edge XAS was performed at
room temperature at the 2A beamline in the PLS. X-ray pho-
toelectron spectroscopy �XPS� was performed using a mono-
chromatic Al K� source. The crystal structures of the com-
posite films were examined by x-ray diffraction �XRD� using
a monochromatic Cu K�1 source.

III. RESULTS AND DISCUSSION

A. X-ray diffraction

Figure 1 shows the �-2� XRD patterns of the Hf1−xZrxO2
films. The peaks were assigned according to the notations of
the P21 /c and P42 /nmc symmetries for the m and t phases,
respectively. Although the overall features are broad due to
the low film thickness, the features clearly show a change in
the crystal structure from m to t with increasing x. It appears
that the m phase survived up to x=0.5, showing the m �011�,
�1̄10� peaks, but the difference in the m �011� to m �111̄� �or
t�101�� intensity ratio between x=0.3 and x=0.0, indicates
that their crystal structures are not the same as each other. In
Fig. 1, it is unclear if the discrepancy originates from the
inhomogeneity of the sample or truly different structure fac-
tors. The former case, i.e., inhomogeneity, refers to a case
when the composite film has more than one structural do-
main hence the crystal structure of one domain is monoclinic
and that of another domain is tetragonal resulting in the co-
existence of both diffraction features. The latter case refers to
when the films are uniform and slight local coordination
changes modulate the intensity ratio of the XRD pattern. The
XAFS analyses �Figs. 2 and 3� in the next section will clear
this vagueness showing that our Hf1−xZrxO2 system fell on
the latter case.

B. X-ray absorption fine structures

XAFS in the XAS spectrum reflects the probability that
photoexcited electrons might be backscattered by adjacent

atoms and reabsorbed in the photon-absorbing atom. For
given atomic species of photon absorber and scatterers, the
electron-atom scattering profile is determined mainly by the
kinetic energy of the quasifree electrons.26 If the kinetic en-
ergy of the final-state electron is high enough �typically
�30 eV� or the photon energy is far above the edge energy,
the reabsorbed electrons are dominated by direct backscatter-
ing only, so that EXAFS, which frequently employs the high
kinetic-energy range, reflects the direct bonding information,
such as the bond length and its variance due to thermal or
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FIG. 1. �Color online� �-2� XRD patterns of the Hf1−xZrxO2

composite films with the peak assignments according to the P21 /c
and P42 /nmc symmetries for the m and t phases, respectively.
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FIG. 2. �Color online� Normalized XANES of the Hf1−xZrxO2

films taken at �a� Hf L3 edge and �b� Zr K edge. Results of full
multiple-scattering XANES simulation implemented by FEFF8 for
theoretical t-Hf�Zr�O2 or m-Hf�Zr�O2, were appended in �c� ��d��.
The prominences of the features for x�0.7, highlighted by the ar-
rows, indicate the tetragonal local structure near both Hf and Zr
atoms.
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FIG. 3. �Color online� Fourier-transformed EXAFS magnitudes
of the Hf1−xZrxO2 films taken at �a� Hf L3 edge and �b� Zr K edge.
Splits of Hf�Zr�-O bond length for x�0.7 evidences the tetragonal
local structures. Features of Hf�Zr�-Hf/Zr for x�0.5 were sup-
pressed due to the significantly enhanced structural disorder.
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structural disorder. On the other hand, if the electron kinetic
energy is low �typically �40 eV� or the photon energy is
near the edge energy, multiple-scattering events near the
photon absorber make a contribution to the x-ray absorption
near-edge structure �XANES�. Therefore, XANES reflects
the details in the symmetry of the local coordination but is
less sensitive to the bonding information than EXAFS.
Hence, XANES was used to determine the local coordination
whereas the EXAFS were used to deduce the bonding infor-
mation for the Hf1−xZrxO2 films.

1. XANES

Figure 2 shows the XANES in the XAS spectra of the
Hf1−xZrxO2 films taken near the �a� Hf L3 edge �h�
�9.56 keV� and �b� Zr K edge �h��18.01 keV�. The high-
est peaks at h��9.56 keV in Fig. 2�a� reflect the Hf 2p3/2
→5d transition and features above h��9.57 keV are due to
the transition to the 6sd continuum. The features in Fig. 2�b�
reflect the Zr 1s→5p continuum transition. These features
became more prominent as the Zr content �x� was increased,
as highlighted by the arrows in both figures. To determine the
origin of the features, XANES simulations were performed
at both edges using ab initio full multiple-scattering code,
FEFF8.27 The simulations were performed for t-HfO2 and
m-HfO2 and ZrO2 with the structure information taken from
the literature.22,28,29 Here the muffin-tin potentials for
electron-atom scattering were calculated self-consistently
and all multiple scatterings within a radius of 6 Å �with
origin at the photon absorber� up to infinite-scattering order
were considered. The effects of the limited inelastic mean-
free paths of the final state electrons or thermal disorder were
excluded.

Figures 2�c� and 2�d� show the results of the simulations
for the four configurations: m-HfO2, t-HfO2, m-ZrO2, and
t-ZrO2. The protrusion of the features for the case of t-HfO2
and t-ZrO2 was clearly observed, as shown by the arrows in
the respective figures. The correspondence in the overall line
shapes to the experimental spectra indicates that the change
in the XANES in Figs. 2�a� and 2�b� is associated with a
change in the local structures. At x�0.5, the local structures
of the Hf and Zr atoms were similar to those in the mono-
clinic HfO2 or ZrO2: sevenfold Hf�Zr�-O coordination. For
x�0.7, the local structures were similar to those in the te-
tragonal HfO2 or ZrO2: eightfold Hf�Zr�-O coordination.
Table I summarizes the local structures of the Hf1−xZrO2 near
the Hf and Zr atoms, as deduced from XANES analyses.
This tendency is consistent with the results of EXAFS analy-
ses shown in Fig. 3.

The local structures of the Hf and Zr atoms changed
abruptly between x=0.5–0.7. This abruptness suggests that
the m-t transition occurs martensitically30 throughout the
films. Otherwise, the transition should have occurred gradu-
ally with increasing Zr content if the apparent m-t transition
was caused by the prevailing nucleated structural domains
without an interaction between the domains, as suggested by
the effective-medium theory in noninteracting grains.31,32

Therefore, the abruptness itself suggests that the structural
change in these films is relevant to the atomic scale stabili-
zation in the networks of the Hf�Zr�-O clusters.

The system, x=1 /2 �HfZrO4�, has a monoclinic local
structure. This asymmetry with respect to x, reflects the sta-
bility of the monoclinic structure in low Zr contents HfZrO.
The total energy of the mixed oxide films can be represented
approximately by the sum of the energy with each cluster.
Since the Zr-O clusters prefer tetragonal coordination,
whereas the Hf-O clusters favor monoclinic coordination, it
can be understood that the energy gain caused by monoclinic
Hf-O coordination is larger than the energy loss caused by
losing tetragonal Zr-O coordination in the
�HfO2�0.5-�ZrO2�0.5.

2. EXAFS

Figure 3 shows the Fourier-transformed �FT� magnitudes
of the �a� Hf L3-edge and �b� Zr K-edge EXAFS for the
Hf1−xZrxO2 films. The abrupt changes in the overall line
shapes with increasing x, were also observed for both edges,
consistently with the results of XANES �in Fig. 2�. Accord-
ing to the half-path length R, the features at R�1.7 Å and
R�3 Å were assigned to Hf�Zr�-O and Hf�Zr�-Zr/Hf bonds,
respectively.33–35 The bond length of Hf�Zr�-O splits into two
at x�0.7 with the tetragonal local structures. To obtain the
detailed information on the bonds, the FT EXAFS spectra
were fitted considering the single scatterings only. Table II
presents the fitting results for the x=0.3 and x=0.7 samples;
the phase-corrected interatomic distances �R+	� and Debye-
Waller factors �
2� of the Hf�Zr�-O and Hf�Zr�-Hf/Zr bonds
were obtained. The local structures of the x=0.3 and x=0.7
samples were assumed to be monoclinic and tetragonal, re-
spectively, in accordance with the XANES finding. The
Hf�Zr� atoms have seven O and 11 Hf/Zr neighboring atoms
in the monoclinic structure, whereas they have eight O and
12 Hf/Zr neighboring atoms in the tetragonal structure. In
each sample, the lengths of the Hf-O and Hf-Hf/Zr bonds
were similar to those of the Zr-O and Zr-Hf/Zr bonds, re-
spectively, indicating that the local environments of the Hf
and Zr atoms are similar to each other. The almost identical
Hf and Zr coordination might benefit the homogeneous

TABLE I. The local structures of the Hf1−xZrxO2 near Hf and Zr atoms deduced from the XAFS analyses.
The m and t denote the monoclinic and tetragonal local structures, respectively.

Atoms

x

0 �HfO2� 0.1 0.3 0.5 0.7 0.9 1 �ZrO2�

Hf m m m m t t

Zr m m m t t t
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atomic scale mixing of the Hf-O and Zr-O clusters during the
PEALD process. The synchronized coordination changes in
the Hf-O and Zr-O clusters indicate the martensitic transition
throughout the samples, as discussed in Sec. III B 1. The
interatomic distances of the second shells �Hf-Hf/Zr or
Zr-Hf/Zr� have broader ranges than those of the first shells
�Hf-O or Zr-O� because the amount of the phase correction
varies according to the abundance of atomic species in the
neighborhood.

The second shell features �Hf�Zr�-Zr/Hf� were reduced
significantly at x�0.5, as shown in Figs. 3�a� and 3�b�. This
suggests that the structural disorder in the networks between
the Hf �or Zr�-O clusters are enhanced for x�0.5. The sec-
ond shell 
2 in the x=0.3 �x=0.7� sample was approximately
0.02 Å2 �0.01 Å2�, which corresponds to a standard devia-
tion of 0.14 Å �0.1 Å� in the bond lengths along the lateral
bonding direction �see Table II�. The enhanced disorder in
the monoclinic samples �x�0.5� can be interpreted as a sig-
nature of the structural reconstruction in the networks of the
Hf �or Zr�-O clusters. Compared to the tetragonal local struc-
ture, the monoclinic local structure has lower point-group
symmetry18 so that it can possess a larger number of configu-
rations in the networks of the Hf�Zr�-O clusters. This can
induce relatively higher diversity in the atomic configuration,
resulting in enhanced structural disorder. However, the first-
shell coordination in the HfZrO did not benefit the structural
reconstruction because they are strongly bound with ionic
bonding.34 This can be confirmed by roughly similar first-
shell peak intensities and 
2 in Fig. 3 and Table II, respec-
tively. For prefect HfO2, the second shell features are signifi-
cant due to the survival of long-range structural order.

C. Conduction bands

The change in the local structure results in a change in the
electronic structure. The CB of the Hf1−xZrxO2 consists of
metal d states �Hf 5d and Zr 4d states� at the lower energy
range ��10 eV above the Fermi energy� and metal sp con-
tinuum states at the higher energy range. The O K-edge XAS
reflects the density of states �DOS� of these CB states con-
voluted with the hybridization strength.36,37 Figure 4�a�
shows the O K-edge XAS spectra of the Hf1−xZrxO2 films.
The metal d states were well separated in energy from the
metal sp states, as shown by the vertical dashed line. The

evolution in the overall line shape with increasing x was
clearly observed. In particular, the unoccupied electronic
structures of the Hf 5d and Zr 4d states varied considerably
depending on x. Generally, the partial DOS of central metal
ions are determined mainly by the local crystal field �CF�
exerted by the surrounding oxygen orbitals.38 Therefore, the
coordination change due to a m-t structural transition will
affect the electronic structure, as shown in Fig. 4�a�. Figure 5
shows the �a� crystal structure and �b� resulting d state en-
ergy splitting in m-Hf1−xZrxO2 and t-Hf1−xZrxO2 films. The
complex energy splitting can be interpreted by decomposing
the coordination in the Hf/Zr-O clusters. Hf/Zr-O tetrahedral
coordination with Td site symmetry �shown in Fig. 5�a�� re-
sults in energy splitting into an e doublet and a t2 triplet
states,38,39 as shown in Fig. 5�b�. The eightfold Hf/Zr-O clus-
ters in the tetragonal Hf1−xZrxO2, which have D2d point-
group symmetry, can be decomposed into two tetrahedra

TABLE II. EXAFS fitting results for monoclinic Hf0.7Zr0.3O2 and tetragonal Hf0.3Zr0.7O2. N is the as-
sumed number of bonds, R+	 is the scattering-phase-corrected interatomic distance, and 
2 is the Debye-
Waller factor.

Shell

m-Hf0.7Zr0.3O2 t-Hf0.3Zr0.7O2

N
R+	
�Å�


2

�Å2� N
R+	
�Å�


2

�Å2�

Hf-O 7 2.17�0.01 0.009�0.001 4 2.11�0.01 0.003�0.001

4 2.38�0.02 0.006�0.002

Zr-O 7 2.15�0.01 0.007�0.001 4 2.13�0.01 0.003�0.001

4 2.40�0.02 0.009�0.003

Hf-Hf/Zr Zr-Hf/Zr 11 3.44–3.60 �0.02 12 3.53–3.69 �0.01
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FIG. 4. �Color online� �a� O K-edge XAS spectra of the
Hf1−xZrxO2 films and �b� their magnified view. The relative
conduction-band edge energies �−	ECBM=ECBM�HfO2�−ECBM�
from that of HfO2, are plotted in the inset of �b� and tabulated in
Table III.
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�one of which is the space inversion of the other�. Hence, the
CF splitting should be similar to that of a single tetrahedron,
except for the subscript “g” due to the inversion symmetry.
The t2g states were further split into a doublet and singlet,
due to tetragonal elongation. However, the sevenfold Hf/
Zr-O clusters in the monoclinic Hf1−xZrxO2, which have the
C1 symmetry, cannot be decomposed into two tetrahedrons.
The lower site symmetry in the distorted clusters split all the
states further, resulting in a sparse energy distribution, as
shown in Figs. 4�a� and 5�b�.

The minimum energy of the O K-edge XAS features
changed according to the Zr content. Figure 4�b� shows the
magnified view near the energy minima. The minimum en-
ergies were measured by extrapolating the lowest CB fea-
tures at the steepest slopes in Fig. 4�b�. They tend to decrease
with increasing x. Generally the photon energy of the fea-
tures in the O K-edge XAS spectra could vary depending on
the chemical valences of the photon-absorbing oxygen atom
because the energy cost for creating the core hole depends on
the relaxation of the surrounding electrons. However, the de-
crease in the minimum energy with increasing x in Fig. 4�b�
cannot be due to the chemical shift because the chemical
shift would have also altered the binding energies �BEs� of
the O 1s XPS spectra �see Fig. 7�. The absence of a core hole
effect indicates that the decrease truly reflects the change in
the CB minimum �ECBM� energy due to the smaller ECBM of
ZrO2 than that of HfO2.14 The relative ECBM with respect to
HfO2 �	ECBM� are plotted in the inset and tabulated in Table
III. The ECBM decreased abruptly for x�0.5, whereas it was
almost saturated for x�0.7. The linearity with x until x
�0.5 can be understood easily by considering the increase in
the Zr 4d state below the CB edge of HfO2 concurrently with
the Zr content. This tendency will not be sustained and the
ECBM will be saturated when the DOS of Zr-related CB states
becomes sufficiently large �ad hoc x�0.7�.

D. Valence bands and core-level XPS spectra

Figure 6 shows the valence-band �VB� spectra of the
Hf1−xZrxO2 films. In contrast to the abrupt change in the CB
structures, the VB structures barely changed with increasing
Zr content. This is because the VB consists of relatively dis-
persed O 2p state whereas the CB is the localized Hf /Zr d
states so that the VB features are rather insensitive to local

coordination �as in Fig. 5� in contrast to the CB features.
This suggests that the valence-electron configurations are
relatively constant upon a compositional change. The BEs of
the VB edges were approximately 3.2 eV at all the compo-
sitions. Combined with the decrease in ECBM �in Table III
and in the inset of Fig. 4�b��, this suggests that the band gap
decreased by up to �0.5 eV and that the reduction is due to
the d band lowering with increasing x.

The identical chemistry under the compositional change
was also confirmed by the core-level XPS spectra in Fig. 7.
The intensities of the �a� Hf 4f , �b� Zr 3d, and �c� O 1s main
peaks changed according to their relative concentrations.
Apart from the core-level spin-orbit splitting into doublets
Hf�4f7/2 ,4f5/2� and Zr�3d5/2 ,3d3/2�, each of the peaks had a
simple Voigt line shape suggesting that the chemical balance
in each atomic species is essentially invariant throughout the
composition. It should be noted that the results of XAFS
analyses evidenced that the local coordination of both Hf and
Zr atoms changed from m- to t-local structures �in Sec.
III B�, even though the chemistry of all atoms appears to be
invariant. The BEs of the Hf 4f7/2, Zr 3d5/2, and O 1s XPS
main peaks were maintained at 17.1 eV, 182.6 eV, and 530.6
eV, respectively, indicating the 4+ valence of the Hf and Zr

(a)

T P2 /P4 /(b) Td
t2

e

P21/cP42/nmc(b)

d state energy splitting

FIG. 5. �Color online� �a� Crystal structure and �b� the resulting
d state energy splitting in m-Hf1−xZrxO2 and t-Hf1−xZrxO2 films. A
Hf/Zr-O tetrahedral cluster �Td symmetry� and corresponding d en-
ergy splitting into the e and t2 states are appended.

TABLE III. Relative CB minimum energies �ECBM� of
Hf1−xZrxO2 from that of HfO2 defined as 	ECBM=ECBM

−ECBM�HfO2�. The ECBMs were measured by extrapolating the low-
est CB features at the steepest slopes in Fig. 4�b�. The values are
plotted in the inset of Fig. 4�b�.

Composition
	ECBM

�eV�

ZrO2 −0.49

Hf0.1Zr0.9O2 −0.47

Hf0.3Zr0.7O2 −0.44

Hf0.5Zr0.5O2 −0.41

Hf0.7Zr0.3O2 −0.27

Hf0.9Zr0.1O2 −0.08

HfO2 0
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FIG. 6. �Color online� VB XPS spectra of the Hf1−xZrxO2 films
taken with a monochromatic Al K� source. The similarity in the
overall features and in the BEs of the VB maxima suggests a neg-
ligible change in the chemical balance.
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ions and high ionicity of the O ion.15 Therefore, the m-t
martensitic transition with increasing x was not accompanied
by a significant change in the chemical balance between Hf,
Zr, and O ions. The small right-side shoulders in the Zr 3d
spectra �indicated by arrows in Fig. 7�b�� might reflect me-
tallic Zr-silicide formation at the Si interface. However, this
did not affect the structural and/or electronic properties of
the films because the BEs of the Zr 3d main peaks did not
change. Therefore, the structural transition occurred with
negligible changes in the occupied electronic structure. This
might benefit the uniform conversion of Hf/Zr-O local coor-
dination from sevenfold to eightfold. The chemical invari-

ance suggests that energy cost for the structural transition
could be minimal so that it might be a necessary condition
for the martensitic transition in the HfZrO system; further
theoretical studies are required to clarify this issue.

IV. CONCLUSION

In conclusion, the martensitic transition from monoclinic
to tetragonal structures with increasing Zr content �x� in
Hf1−xZrxO2 composite oxides was accompanied by atomic-
scale reconstruction. The local structures of both Hf and Zr
atoms changed concurrently with the crystal structure. In the
monoclinic oxides �x�0.5�, the networks between the Hf/
Zr-O clusters showed enhanced bond disorder, indicating the
complexity in the low-symmetry configuration. In addition,
the evolution in the CB electronic structures with the struc-
tural changes was analyzed using cluster model approach.
The x dependence of the CB energies was also discussed.
The VB electronic structure and valence of each atomic spe-
cies were relatively constant regardless of the compositional
changes due to a negligible change in chemistry during the
t-m martensitic transition.
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