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Monoclinic hafnia (m-HfO,) with its high dielectric permittivity (k) and larger band gap of ~5.5-5.9 eV
deposited as a few nanometers thick m-HfO, thin film on a Si substrate was introduced as an effective
gate oxide in complementary metal-oxide-semiconductor devices by Intel in 2007. However, the existence
and complex anisotropic excitation characters of this centrosymmetric monoclinic crystal structure—which
involve both single-particle and collective electron excitations such as plasmons, and include electron-hole
(excitonic) and electron-electron (self-energy) interactions—remain elusive. Therefore, the electronic nature
of the material needs to be explored in depth for applications in semiconductor technology. In this study,
spatially and momentum-resolved electron energy-loss spectroscopy (EELS) in conjunction with first-principles
calculations of the electronic band structure and dielectric function have been employed to investigate electronic
excitations in m-HfO,. The phase purity and crystallinity of m-HfO, were confirmed by x-ray diffraction and
EELS. Low-loss EELS performed using aloof electron beam setups and energy-filtered transmission electron
microscopy spectrum imaging (EFTEM-SI) revealed spectral features at 13.5 and 16 eV energy loss assigned
to surface plasmons and volume plasmons (VPs), respectively. Surface exciton polaritons (SEPs) with surface
resonances associated with excitonic onsets above the band gap were also observed at ~7.5 and ~28 eV energy
loss. The surface excitation character of these features was confirmed by EFTEM-SI and relativistic calculations
of energy versus momentum (£-k) maps. Using collection-angle (8) and momentum (g)-resolved EELS, it was
found that the SEP intensity at ~7.5 eV energy loss is a function of 8 and ¢, and no anisotropic shape for the
VP is observed along the [100], [010], and [001] directions. Furthermore, the peak at ~48 eV energy loss was
assigned to a semicore Hf 5p plasmon involving multiplet resonant processes. All the VPs, the SEPs at 28 eV
energy loss, and the Hf 5p plasmons at 48 eV energy loss display parabolic dispersion behavior with an energy
shift of 1-3 eV.
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I. INTRODUCTION

To follow Moore’s law, the dimensions of complemen-
tary metal-oxide-semiconductor (CMOS) devices and metal-
oxide-semiconductor field-effect transistors (MOSFETS) in
ultralarge-scale integrated (ULSI) circuits should continue
to scale down. At this moment, the conventional gate ox-
ide (SiO, with « ~ 3.9) meets the physical limitations. To
improve the drain-current response of the transistors to the
applied gate voltage, the thickness of SiO, should be less
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than 1.3 nm. A significant leakage current would arise when
the thickness of SiO, is less than 1 nm because of a not
well-developed electronic structure unlike in the bulk mate-
rial [1]. Let us consider the capacitance formula C = Ké‘o(%)
where « is the dielectric constant, &g is the dielectric constant
for vacuum, A is the gate area, and D is the gate thickness.
Because the gate area A becomes smaller with downscaling,
the high-« dielectric material should be considered to keep
the similar capacitance C. Thus, hafnia (HfO,) with its large
band gap (5.5-5.9 eV) [2,3] and high « values equal to ~29
for cubic, ~70 for tetragonal, and ~16 for monoclinic phase,
respectively [4], was successfully used to replace the SiO,,
starting from the 45 nm node process released by Intel in
2007 [5]. The value of k = 16 for monoclinic HfO, (m-HfO,)

©2023 American Physical Society


https://orcid.org/0000-0002-6748-3436
https://orcid.org/0000-0001-9347-9812
https://orcid.org/0000-0003-0538-2354
https://orcid.org/0000-0003-4007-2984
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.7.065201&domain=pdf&date_stamp=2023-06-07
https://doi.org/10.1103/PhysRevMaterials.7.065201

SZ-CHIAN LIOU et al.

PHYSICAL REVIEW MATERIALS 7, 065201 (2023)

suggests a ~4 nm thickness to satisfy the requirement for a
1 nm equivalent oxide thickness (EOT) sufficient to prevent
current leakage. Here, the EOT = thigh_,((’:i':fk ) where fhigh—«
is the thickness of high-« dielectrics and ID(SiOz = 3.9 is the
dielectric constant for SiO,.

It is well known that HfO, undergoes several poly-
morphic structural transformations with temperatures from
high-symmetry cubic phase (space group Fm3m), stable
above 2370 °C, to slightly distorted tetragonal phase (space
group P4,/nmc), found at 1170°C-2370°C, and to mon-
oclinic phase (space group P12;/cl) existing from room
temperature to ~1170°C [4,6]. Pressure-driven transforma-
tion of HfO,, from the monoclinic phase to the high-pressure
orthorhombic I phase (space group Pbca) at 4 GPa and or-
thorhombic II phase (space group Pmnb) at 14.5 GPa, has also
been reported [7]. All of the HfO, phases, including cubic,
tetragonal, orthorhombic, and monoclinic, are the centrosym-
metric nonpolar phases and, thus, do not include spontaneous
polarization needed for ferroelectric response. Recently, an
unexpected orthorhombic III (orthoIll) phase representing a
noncentrosymmetric polar structure with the space group of
Pca2; was obtained using doped HfO, films confined with
capping layers during thin film growth [8-10], hinting at
a need for further investigation of the potential of HfO,
as ferroelectric material. The tetragonal, orthorhombic, and
monoclinic structures can be considered as distorted cubic
ones and described as a fluorite structure, and, similar to
polymorphic ZrO, [11] and TiO, [12], reflected just a few
tiny differences in their electronic structures compared to
cubic HfO,. Therefore, in this work, we mainly focus on the
study of the electronic structure of the m-HfO, that can be
obtained relatively easily at ambient temperature and pressure
compared to the other phases.

Only a few reports have been published on the electronic
excitations of m-HfO, investigated by electron energy-loss
spectroscopy (EELS). The low-loss EEL spectrum usually
displays several predominant spectral features at 15-16 eV,
26-29 eV, 35-37 eV, and about 48 eV energy loss [3,13-18].
The spectral feature at about 15-16 eV energy loss had been
interpreted as a volume plasmon (VP) [13-15,17,18], and the
features between 35 and 37 eV energy loss were assigned to
the well-known minor Hf O, 3 edge [13-15,17,18]. However,
some controversy remains concerning the interpretation of the
physical origin of the rest spectral features. Features at about
26-29 eV energy loss have been explicated as collective exci-
tations [14,18] or interband transitions [16] while the features
at about 48 eV energy loss have been assigned to the Hf O, 3
edge [14] or local field-effect-damped plasmon [18].

Recently, the anisotropy of electron excitations along dif-
ferent crystal orientations in m-HfO, was analyzed using the
energy-filtered transmission electron microscopy (EFTEM)—
valence EELS technique (also known as EFTEM-SI) with a
specimen thickness of 15-40 nm [18,19]. The VP at 16 eV
energy loss revealed the anisotropy which appears as a pre-
dominant peak along the [001] direction whereas a broadened
feature was observed along the [100] and [010] directions. In
addition, the oscillator strength of the VP at 16 eV energy
loss was weaker than that of the spectral feature at ~28 eV
energy loss assigned to the collective excitation [15,18,19].
Furthermore, the opposite observations indicating the oscilla-

tor strength of the VP are higher than that for the 28 eV peak
reported using scanning transmission electron microscopy
(STEM) EELS with similar EELS acquisition conditions
including collection B angles and similar specimen thick-
ness [13—15]. Thus, some controversial interpretations and
inconsistent observations of electronic excitations in m-HfO,
remain, especially concerning anisotropic excitations in this
centrosymmetric crystal structure.

In this study, to analyze electronic excitations in m-HfO,,
the phase purity and stoichiometry of m-HfO, were verified
using x-ray diffraction (XRD) to avoid the deviations induced
by different phases or oxygen vacancies. Then, electronic
excitations in m-HfO, were systematically studied by low-loss
EELS or so-called valence EELS with nonpenetrating incident
electron beam (aloof excitation) in scanning transmission
electron microscopy (STEM) mode and electron diffraction
mode to analyze the electronic excitations as a function of
EELS collection B angle and momentum (g) transfer. Ab
initio density functional theory (DFT) calculations were also
performed to calculate the complex dielectric function &(w) =
&1(w) + iey(w) and corresponding EEL spectra along selected
g-transfer directions.

II. EXPERIMENTAL APPROACH

m-HfO, powders (99.99% purity), ordered from Aldrich,'
were used as a starting material, pressed as a pellet, and
then sintered in air at a temperature above 1600 °C to form
a compact m-HfO, disk. A Bruker D2 Phaser diffractome-
ter with Cu source and LYNXEYE detector were used to
determine the phase identification and structure analysis for
the m-HfO, sintered disk. The data were collected at room
temperature with 0.02° per step and a scanning speed of
0.5 s per step. The collected XRD patterns were analyzed
with the Rietveld method using the Bruker DIFFRAC.TOPAS
program package. TEM specimens were prepared using a
tripod polishing technique and then thinned using Ar™ ion
milling operated at 5 kV until a hole formed, and then op-
erated at 0.3 kV to remove the surface amorphous layers [20].
Microstructures and electronic excitations were examined in
a JEOL-2100F (scanning) transmission electron microscope
[(S)TEM] equipped with a Gatan Image Filter (GIF, Tridiem
863 model), operating at 200 kV. The energy resolution was
0.7 eV throughout the (S)TEM-EELS experiments. The mo-
mentum (q)-resolved EELS experiments were carried out in
selected-area diffraction mode with ¢ resolution of 0.015 A~
Real-space energy-filtered TEM (EFTEM) spectrum imaging
(SI) (EFTEM-SI) with a tunable energy-selection slit was
conducted using the same microscope. The single-scattering
EELS distributions were derived via deconvolution from raw
EELS data, which was performed by removing the zero-
loss peak either by fitting a premeasured zero-loss peak
from the vacuum or by removing plural scattering with the

ICertain equipment, instruments, or materials are identified in this
paper in order to adequately specify the experimental details. Such
identification does not imply recommendation by the National Insti-
tute of Standards and Technology nor does it imply the materials are
necessarily the best available for the purpose.
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TABLE I. The refinement results of room temperature XRD pattern of HfO,.

Space group = P2;/c (No. 14)

a=5.1198(1) A, b =5.1750(2) A, ¢ = 5.2957(2) A,
B =99.192(2)°, and V = 138.506(7) A3

Ryp = 5.73%, R, = 4.58%, and GOF = 1.25

Atom Site x y z Bq/A?
Hf1 4e 0.2755(2) 0.0395(1) 0.2083(2) 0.18(4)
(0]} 4e 0.080(2) 0.336(2) 0.344(2) 0.21(17)
02 4e 0.445(2) 0.761(2) 0.478(2) 0.21(17)

Fourier-log method [21]. The subsequent Kramers-Kronig
analysis (KKA) was conducted using the DIGITALMICRO-
GRAPH software package (Gatan Microscopy Suite, Gatan-
AMETEK) as described elsewhere [21-23]. The scattering
probabilities of aloof STEM-EEL spectra as a function of
an impact parameter were calculated using the equations and
MATLAB scripts described in Refs. [24,25]. The dielectric data
for m-HfO, were taken from the KKA results. Optical prop-
erties such as reflectance, absorbance, and band gap energy
of HfO, were analyzed using an ultraviolet-visible (UV-Vis)
spectrometer (JASCO V670 model, Japan) in the wavelength
range from 200 to 1600 nm at room temperature.

Single-point energy calculations of m-HfO, were per-
formed by using a Vienna ab initio simulation package (VASP)
based on the density functional theory (DFT) [26-28]. The
generalized gradient approximation (GGA) was used with the
Perdew-Burke-Ernzerhof (PBE) [29,30] exchange-correlation
functional and the projector augmented-wave (PAW) pseu-
dopotentials [31,32]. Calculations of the electronic band
structure and dielectric function with no band gap correction
were employed to characterize the absorption of m-HfO,.
Lattice parameters and atomic positions in m-HfO, according
to measured values are shown in Table I. The cutoff energy for
the plane-wave basis set was set to 500 eV anda 12 x 12 x 12
I'-centered k-point mesh was used in the calculations. The
convergent criteria of the self-consistent field cycle for the
electronic wave functions were set to be 1078 eV for energy.
To aid in interpreting the spectra, we present results that leave
out and include local field effects (LFEs).

III. RESULTS AND DISCUSSION

To examine the crystal quality and structure of the HfO,
pellet, x-ray powder diffraction (XRD) analyses were per-
formed on HfO, powders that were extracted via crushing
and grinding of a sintered HfO, pellet. The XRD pattern
and the Rietveld refinement results are shown in Fig. 1(a).
The representative TEM bright-field (BF) image, inset image
in Fig. 1(b), shows that the grain size of the HfO, pellet
ranges from a few hundred nanometers to a few micrometers
scales. The detailed crystal structure parameters and atomic
coordinates are listed in Table I. The XRD pattern and refine-
ment results reveal that the HfO, sample used in this study is
composed of a single monoclinic phase without any secondary
phases such as orthorhombic, tetragonal, or cubic. The HfO,
adapts a monoclinic structure with the space group of P2;/c
(No. 14), where the hafnium and oxygen atoms all occupy
the 4e (x, y, z) coordination sites. The satisfactory refine-
ment results were obtained with fit factors of Ry, = 5.73%,
Ry, = 4.58%, and goodness of fit (GQF) = 1.25, whiclz gave
the lattice parameters a = 5.1198(1) A, b = 5.1750(2) A, c =
5.2957(2) A, and B =99.192(2)°, which are in good agree-
ment with the values reported in the literature [33,34]. Since
no apparent off stoichiometry was observed, the occupancies
were set to be unity in the subsequent analyses. The HfO,
structure [see inset in Fig. 1(a)] displays the distortion of the
fluorite structure consisting of a HfO; polyhedron with all
Hf-O bond lengths that range from 2.014(8) to 2.270(9) Ain
good agreement with the reported values [33,34]. The Hf-O
bond distances are summarized in Table II.
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FIG. 1. (a) XRD pattern of m-HfO, recorded at room temperature and Rietveld refinement results. The inset shows the unit cell of m-HfO,.
(b) The ELNES of the O K edge of m-HfO,. The Hf-O bonding distances calculated by Rietveld refinement from XRD pattern(a) are listed in

Table II.
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TABLEII. Hf-O bond distances in HfO, derived from refinement
results.

Bond length A

Hf-O 2.014(8)
2.085(8)
2.138(8)
2.145(8)
2.158(8)
2.220(8)

2.270(8)

By examining the electron energy-loss near-edge structure
(ELNES) of the oxygen (O) K edge, one can obtain direct
information on the chemical coordination, O vacancies, and
hence, the crystalline phase [21]. While the O K edge cor-
responds to the transitions from the O ls core orbitals to
the unoccupied O 2p states by following the dipole selection
rule (A¢ = *1, ¢ is an angular quantum number) [21], the O
K-edge spectrum of HfO, is influenced by the hybridization
of the Hf 5d states and the O 2p states. The O K-edge ELNES
of m-HfO, in Fig. 1(b) displays distinct and well-defined
double peaks separated by 4.0 eV, which are consistent with
reports [35,36]. While inspecting the ELNES, a few points
of interest should be noted. First, the doublet peak shape of
the O K edge in m-HfO, is usually assigned to the crystalline
HfO, [35]. Second, the doublet peaks with peak separation
in m-HfO, result from crystal-field splitting [35,36]. Indeed,
the m-HfO, can be described as a distorted fluorite structure,
where the Hf atoms are surrounded by seven equivalent O
atoms to form the distorted HfO; polyhedra [see inset in
Fig. 1(a)] with all Hf-O bond lengths unequal [see Table II].
Despite the relatively low crystal symmetry (P2;/c) contrary
to the cubic HfO, with space group of Fm3m, the ligand
field splitting of the Hf 5d orbitals, which are hybridized with
the O 2p orbitals, retains a broadened well-defined splitting
into two manifolds, i.e., e, and t,,, that occurs in the cubic
(HfOg) fluorite environment. Finally, the spectral strength of
the first peak is more than the half height of the secondary
peak, and the peak height ratio was 0.87, which is higher than
the values reported earlier for m-HfO, films (<0.81) [35-38]).
It has been found that O-deficient HfO, samples usually show
a broader and weaker first peak or even a shoulder in the
O-K edge due to their defective structure [35,39]. Therefore,
the higher intensity ratio between the two peaks indicates
fewer O vacancies and, thus, this confirms the presence of
stoichiometric m-HfO,.

Next, valence EELS measurements were then performed
in the STEM mode (STEM-EELS) with a 2 A electron probe
to not only preserve the spatial resolution but also to use
nonpenetrating electron beams, i.e., an aloof setup [21,23].
This setup can allow one to sequentially position the probe at
different positions along a chosen direction from the material
interior to the vacuum. Figure 2(a) shows EEL spectra of the
bulk m-HfO, for different values of the impact parameter b
recorded at the different positions from the material interior
(b = —14 nm and calculated thickness is ~50 nm) to the vac-
uum (b = 20 nm) (negative b, from edge to material interior;

positive b, from edge to the vacuum; b = 0 nm, edge), as
indicated by the circles in the STEM high-angle annular dark
field (HAADF, STEM HAADF) image in Fig. 2(c). When
positioning the electron probe at b = —14 nm, i.e., in the ma-
terial interior [orange circle in the STEM HAADF image in
Fig. 2(c)], several broad spectral features above the optical
band gap are observed at about 8, ~16, ~20.7, and ~28.5 eV
energy loss (marked as black arrows), which is in good agree-
ment with the reports [15—-18]. Features at the energy below
30 eV energy loss in HfO, are primarily associated with
collective excitations of the valence and conduction bands,
while those above 30 eV energy loss can be assigned to the
core-loss Hf O, 3 edges.

It is well known that low-loss EEL spectra of materials
can be understood in the framework of the macroscopic com-
plex dielectric function e(w) = €;(w) + iez(w). The e(w) of
m-HfO, was derived from the bulk spectrum [orange spectrum
in Fig. 2(a)] by performing the KKA. Its real and imagi-
nary parts shown in Fig. 2(b) indicate consistency with the
literature reports [15,16]. The &; curve in Fig. 2(b) rises to
the maximum at about 5.3 eV energy loss and then vanishes
with the negative slope. Furthermore, it vanishes again with
a positive slope at 12.8 eV energy loss and then crosses
the energy-loss axis at 15.7 eV energy loss. Therefore, the
spectral feature at about 16 eV energy loss in Fig. 2(a) can
be interpreted as a VP since it satisfies the criterion of £, = 0
with the positive slope and small &, value [15-17,21,23,40].
In contrast to the feature at 16 eV energy loss, €, is nonzero
at about 28.5 eV energy loss, which is consistent with other
experiments [15,16] and the theoretical calculations [16,19].
This means that the peak at about 28.5 eV energy loss cannot
be interpreted as a VP although some reports assigned this
spectral feature to collective excitations [14,15,18,19]. Upon
further inspection, &, in Fig. 2(b) reveals an absorption maxi-
mum peak at about 6.2 eV energy loss and a weaker feature at
about 11 eV energy loss that arises in this energy range from
excitonic or/and interband transition excitations. Additionally,
a series of high-energy interband transitions associated with
the O 2s or the Hf 4 f electron states [41,42] induce several
broad maxima in &, between 17 and 25 eV energy loss [see
enlarged scale inset in Fig. 2(b)].

To investigate surface-induced resonances such as surface
plasmons (SPs) and related excitations of excitons, valence
EELS measurements were carried out using the aloof electron
beams, while sequentially shifting the probe position in the
direction from the material interior to the specimen edge at
grazing incidence (i.e., from b = —14 nm to b = 0 nm) within
a few nanometers away from the specimen edge. Spectra in
Fig. 2(a) indicate that not only do both features at around
16 eV and around 28.5 eV energy loss decrease their oscil-
lator strengths but the peak at 16 eV shifts to about 13.5 eV
at b=0nm [see the dark yellow spectrum in Fig. 2(a)],
while the peak at 28.5 eV only vanishes and then trans-
forms into a broader feature. When the electron probe was
positioned at the specimen edge at grazing incidence [i.e.,
b = 0 nm; see the dark yellow spectrum in Fig. 2(a)], the
oscillator strength of the VP significantly decreased, while
the peak at 13.5 eV energy loss (marked with a blue arrow)
was enhanced. Then, the oscillator strength of the peak at
13.5 eV energy loss decreased with increasing the b values
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FIG. 2. (a) Aloof beam low-loss STEM-EEL spectra acquired from m-HfO, with the electron probe positioned at the locations marked
in the STEM image in (c). The color circles denote probe positions in the inset. Corresponding EEL spectra are shown in the same colors.
(b) The real (black) and imaginary (red) parts of the dielectric permittivity of m-HfO, derived from the orange spectrum in (a). (c) shows
the STEM-HAADF image with locations marked for aloof low-loss STEM-EEL spectra. (d) The calculated relativistic E-k intensity maps
for 50 nm thick m-HfO, slab with impact parameters b = —14, 0, 4, and 12 nm. The electron probe position exploited for the calculations is
depicted in each corresponding inset. (e) The calculated relativistic loss probabilities of 50 nm thick m-HfO, slab per unit electron path length
integrated over k in the 0-0.03 A~" range with impact parameters b = —14, 0, 4, 8, and 12 nm.

from 0 to 6 nm, away from the surface [see yellow, pink,
and cyan spectra in Fig. 2(a)] indicating its surface exci-
tation character. Here, electromagnetic waves propagate at
the material surface with the evanescent wave fields expo-
nentially decaying into the bound media (or vacuum) and
material [11,15,16,21,23,40]. The nature of such excitations
is manifested by negative values of ¢, observed in this energy
range [see Fig. 2(b)]. The peak at 13.5 eV energy loss can be
therefore interpreted as a SP [11,15,16,21,23,40]. The broad
shoulder at about 8 eV energy loss decreased slower than the
SP at 13.5 eV energy loss with a sequential shifting of the
electron probe from the specimen edge into the vacuum [see
spectra in Fig. 2(a)]. The shoulder at about 8 eV energy loss
further remains a prominent spectral onset, confirming the
surface character of the related excitations. Indeed, this feature
was interpreted as an interband transition from the O 2p to
the Hf 5d states [13,19,41]. Moreover, since the criterion of
& > &1 > 0 [17,23] is satisfied, this feature, occurring near
interband transitions, bears a strong resemblance to the ex-
citations of surface exciton polaritons (SEPs), which are
collective oscillators of delocalized excitons at the surfaces
of materials.

For comparison with experimental EEL spectra in
Fig. 2(a), relativistic E-k maps were calculated [24,25] as a
function of impact parameter b for a 50 nm thick m-HfO,
layer [see Fig. 2(d)]. Figure 2(e) also shows calculated rela-
tivistic loss probabilities per unit electron path length along
the electron trajectory and integrated over the k range up to
0.03 A=, The calculated E-k maps and spectra in Figs. 2(d)
and 2(e) reveal the predominant VP at about 15 eV energy
loss when the electron probe was positioned inside the slab
at b =-14 nm. When the electron probe was sequentially
located at the edge at grazing incidence (b = 0 nm), the SP
at about 13.5 eV energy loss was strongly enhanced, and the
probe position was away from the edge (b =4, 8, 12 nm);
the features decrease its oscillator strength, indicating its sur-
face character in the presence of evanescent wave fields. The
calculations also successfully reproduced the SEP at about 8
eV energy loss at b > 4 nm. Both calculated E-k maps and
corresponding EEL spectra appear in good agreement with the
experimental results (see Supplemental Material [43]).

Figure 3(a) shows an enlarged part of the orange EEL
spectrum in Fig. 2(a) redrawn to illustrate the band gap mea-
surements. The optical band gap (E,) of about 5.7 eV was
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FIG. 3. (a) The EEL spectrum in Fig. 2(a) redrawn to illustrate the band gap measurements. Inset is Tauc’s plot for the band gap analysis
of m-HfO, from the optical absorption data measured at room temperature. The calculated relativistic E-k maps (E is energy loss and k
is momentum transfer) for m-HfO, slabs with thicknesses of 20 nm (b), 50 nm (c), and 100 nm (d) at accelerating voltage of 200 kV.
(e) The calculated relativistic loss probabilities of m-HfO, slab per unit electron path length integrated over k in the range of 0-00.3 A~!

for the thickness of 20, 30, 40, 50, 70, and 100 nm.

determined using the linear fitting method [23,44], and no
additional features were found in the band gap that might
be due to the oxygen vacancies or interstitial-related defects
with divalent or trivalent cation dopants [45]. It is well known
that the E, may shift to the lower energies with increasing
the specimen thickness due to the excitation of Cherenkov
radiation (CR) because the CR can be excited if & (v/c)* >
1 [21-23,40,46]. Here, v is the velocity of incident electrons
and c is the velocity of light. Since in our experiments were
performed at 200 kV accelerating voltage with v ~ 0.7¢ and
at a larger & value of ~11 [see Fig. 2(b)], this condition can
be satisfied.

To evaluate the CR effect, we first calculated the relativistic
energy versus momentum (E-k maps) for m-HfO, slabs of
20, 50, and 100 nm in thickness. The calculations have been
performed using Kroger’s equation [47] at the accelerating
voltage of 200 kV close to experimental conditions, shown in
Figs. 3(b)-3(d). The related relativistic loss probabilities per
unit electron path length along the electron trajectory and inte-
grated over the k range up to 0.03 A~ are shown in Fig. 3(e).

From the calculated E-k maps and the related relativistic loss
probabilities, we found that the plasmon peak shifts its energy
from 14.5 eV energy loss to ~16 eV energy loss (marked
by the black arrows) and also enhances its intensity with
the thickness increased from 20 to 100 nm. For the 50 nm
thick m-HfO, slab, the CR excitation does not induce distinct
dispersion features near the band gap onset below 5 eV, unlike
the significant dispersion feature that appears for 100 nm thick
m-HfO,; slabs. Thus, EEL spectra were therefore acquired in
areas of the material interior with a sufficient thickness of 50
nm to minimize the CR excitation in the spectral region below
6 eV energy loss and simultaneously suppress the surface
excitations [23,48]. For the same purpose, ultraviolet-visible
(UV-Vis) spectroscopy was employed to determine the optical
properties of the m-HfO, powders, including E,, and compare
them with EEL data.

UV-Vis spectroscopy is widely used to measure the ab-
sorption or reflectance spectra of materials at the wavelengths
in the UV-visible light regions. The optical absorption in the
shorter wavelength region is mainly attributed to the electron
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FIG. 4. (a) Zero-loss EFTEM image. (b)—(d) The EFTEM-SI intensity maps acquired at energy losses of 8 =1 eV (b), 13 £ 1 eV (c), and
16 = 1 eV (d). The color scale bar represents the linearly normalized image intensity. (e) SAED pattern of m-HfO, recorded at the zone axis
of [001] complementary to the HRTEM image in (a). The color circles indicate the different collection B angles used for recording the EEL
spectra, and corresponding EEL spectra are shown by the same colors in (f). The extracted energy-loss spectrum from the EFTEM-SI datasets
was plotted with a yellow-green dotted line for comparison. The intensities of the spectra were normalized to zero-loss peak and then vertical

shifted to easily visualize.

transitions from the top of the valence band to the bottom of
the conduction band. The absorbance and photon energy are
related via the following equation [49],

(@E)" = A(E — Ey), 1)

where o is the absorption coefficient, A is a constant, E,
is the optical band gap, and n is a constant associated with
the different electronic transitions, where n = % for indirect
allowed transitions and n = 2 for direct allowed transitions,
respectively. The E, can be obtained from the extrapolation of
the straight-line portion of («E)" versus E plot to E =0, as
shown in Fig. 2(d). As m-HfO, has been reported as a direct
band gap material [50], the E, of m-HfO, was calculated
by using n =2 and extrapolating the linear portion of the
curve or tail [see inset in Fig. 3(a)]. The obtained value of
E; =5.940.02 eV for m-HfO, is in good agreement with
the results reported in the literature [50,51]. The electronic
band structure of m-HfO, was calculated using ab initio DFT
theory giving values of the indirect band gap of 4.0 eV and
for the direct band gap of 4.3 eV, respectively. An underes-
timation of the calculated band gap energy in comparison to
the experimental value can be explained by the well-known
systematic error in the used DFT calculation scheme.

The SEP, SP, and VP excitations in m-HfO, have been
also investigated using real-space spectrum imaging in the
EFTEM mode (EFTEM-SI). In these experiments, a 2 eV

energy-selection slit was positioned at 8, 13, and 16 eV energy
loss [see in Figs. 4(b)—4(d)], where the corresponding spectral
features at 8, 13.5, and 16 eV energy loss are located. The
high-resolution transmission electron microscope (HRTEM)
image of the same area oriented along the [001] direction to-
wards the incident beam is shown for comparison in Fig. 4(a).
The intensity maxima represent the spatial distribution of the
SEP at 8 eV energy loss [Fig. 4(b)] and of the SP at 13.5 eV
energy loss [Fig. 4(c)] that reveal the expected localization
of SEPs and SPs at the edge of m-HfO, where the evanes-
cent wave field was decaying into the vacuum exhibiting
SP-like excitations. In contrast, the EFTEM-SI distributions
of the VP at 16 eV [Fig. 4(d)] and 28.5 eV energy loss
(not shown here) appeared strongly localized within the bulk
interior, ambiguously indicating the volume resonance exci-
tations. Furthermore, the onset of the peak at 28.5 eV energy
loss closely correlates with the broad feature in &, at 27 eV
energy loss and the corresponding oscillating ¢; structure [see
Fig. 2(b)]. Since the aforementioned condition &, > ¢; > 0
was satisfied here, the spectral feature at about 28.5 eV energy
loss can also be assigned to the excitation of SEPs in m-HfO,.

Indeed, the EEL spectrum extracted from the EFTEM-SI
dataset in Fig. 4(f) is similar to one recorded using STEM-
EELS [see the orange spectrum in Fig. 2(a)]. The collection
angle (B angle) used for the EFTEM-SI experiment is about
4.88 mrad. Figure 4(e) presents the selected-area electron
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FIG. 5. (a) SAED pattern of m-HfO, recorded at the zone axis of [010]. (b) The w-g map recorded along the [100] direction to the BZ
boundary (~0.6 A~1). Momentum (g)-resolved EEL spectra collected with the ¢ parallel to the [100] [top panel in (c)], [010] [middle panel
in (c)], and [001] [bottom panel in (c)] directions. The spectra are all normalized by the intensity of the peak at ~15 eV and then displaced
vertically to improve readability. (d) The energy of the VP at ~16 eV energy loss and the SEP at ~28.5 eV energy loss along the [100] (black
square), [010] (red circle), and [001] (blue triangle) directions as a function of g.

diffraction (SAED) pattern taken along the [001] zone axis
from the same area as the HRTEM image in Fig. 4(a). Fig-
ure 4(f) also shows the EEL spectra recorded for different
collection S angles by adjusting the camera lengths in diffrac-
tion mode. From the inspection of the spectra in Fig. 4(f),
a few interesting findings should be pointed out. First, the
excitations of the SEPs (at about 8 and about 28.5 eV energy
loss) and of the VP (at about 16 eV energy loss) increase their
oscillator strengths with increasing the collection 8 angles.
Therefore, the oscillator strength of the SEP at 28.5 eV energy
loss increased rapidly to become near the same intensity as the
VP at a 8 angle of 4.88 mrad. Second, the plateau between 5
and 10 eV energy loss was observed at 8 < 0.75 mrad, and
then increased oscillator strengths enhanced the SEP features
at about 8 eV energy loss at 8 > 1.49 mrad [see left shadowed
region in Fig. 4(f)]. Intriguingly, the higher oscillator strength
of the SEP at about 28.5 eV energy loss compared to that of
the VP was observed in the orientation dependence and the
polycrystalline case by performing the EFTEM-SI measure-
ments with a smaller collection 8 angle of ~3 mrad [18,19].
Unlike for § < 1 mrad, the 8 angle of 4.88 mrad, as shown
in Fig. 4(e), covers the (100) and (020) Bragg reflections in
m-HfO,, thus averaging out the EELS spectra for this crys-
tal symmetry. To investigate possible electronic anisotropy
along the different momentum (q) transfer directions, we per-
formed momentum (g)-resolved EELS (¢-EELS) experiments

and studied the dispersion of spectral excitations under the
diffraction mode using conventional TEM.

Momentum (g)-resolved EELS (g-EELS) is a powerful
method to understand the anisotropy of the band structure
and related electron excitations in a solid under varying mo-
mentum transfer (Aq) and energy loss AE conditions [21,40].
Figure 5(a) presents the SAED pattern taken along the [010]
direction of m-HfO, displaying the characteristic angle be-
tween the [001] and [100] directions of ~99.2° in the cell.
Figure 5(b) shows the w-g maps acquired in m-HfO, along
the [100] direction to the Brillouin zone (BZ) boundary
(~0.6 A’l). Figure 5(c) demonstrates g-EELS spectra ob-
tained along the [100], [010], and [001] directions up to the
BZ boundary of ~0.6, ~1.2, and ~1.2 A“, respectively.
From the spectra in Fig. 5(c), a few interesting findings should
be pointed out. First, the VP at about 16 eV energy loss
displays nondispersive behavior along the [100] direction and
dispersive behavior along the [001] direction. Meanwhile, the
SEP at about 28.5 eV energy loss also exhibits dispersive
behavior in both directions. Second, the plateau feature be-
tween 5 and 10 eV energy loss is observed at ¢ < 0.14 A~
andg < 0.2 Al along the [100] and [010]/[001] directions,
respectively. Then, its oscillator strength increases enhancing
the SEP features at about 8 eV energy loss, which is similar
to Fig. 4(f), atg > 0.14 A~' and ¢ > 0.2 A" along the [100]
and [001] directions, respectively. It was also found that the
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band gap energy measured from the onset of the EEL spectra
varies from ~4.4 to ~5.7 eV and from ~5.1 to ~5.7 eV along
the [100] and [010]/[001] directions, respectively, implying
the anisotropic band gap energy of the material. Finally, the
oscillator strength of the SEP at about 28.5 eV energy loss
increases with increasing the ¢ values and becomes more in-
tensive than the VP peak at ¢ > 0.8 A~! along both the [001]
and [010]/[001] directions. Most importantly, the VP peak at
~16 eV energy loss looks well defined along the [100], [010],
and [001] directions, thus indicating no significant anisotropy
in peak oscillator strength.

To illustrate the underlying dispersion relations, Fig. 5(d)
shows the dispersions of the VP at ~16 eV energy loss and
of the SEP at ~28.5 eV energy loss with respect to the
characteristic ¢, where the excitation energies were derived
by Lorentz curve fitting [20,23]. One can first note that the
VP displays almost nondispersive behavior along the [100]
direction while the SEP reveals nonlinear ¢ dependence at
g < 0.2 A=, and then turns to the nondispersive plateau until
the BZ boundary of ~0.6 Al In contrast, both the VP and
the SEP along the [010] and [001] directions demonstrate less
dispersion behavior at ¢ < 0.6 A~! and then exhibit parabolic
dispersion at ¢ > 0.6 A~!. Indeed, after fitting the VP reveals
the representative paraboliclike g> dependence along the [010]
and [001] directions [see the bottom cyan dashed line in
Fig. 5(d)]. Furthermore, for the [100] direction, the energies
of the VP and the SEP increase from 15.5 to ~15.6 eV energy
loss and ~26.5- ~ 28 eV energy loss, respectively, while for
the [010] and [001] directions, the energies shift from 15.7 to
~16.7 eV energy loss and from ~26.7 to ~29 eV energy loss,
respectively. Because the spectral features in the range from
17 to 25 eV energy loss represent interband transitions, the VP
would transfer its energy to excite single-electron transitions
and create the electron-hole pairs when the plasmon wave
vector g exceeds the critical g, value (i.e., 0.2 A‘l, not shown
here). The VP then starts damping followed by decreasing its
oscillator strength and peak broadening. Consequently, the VP
exhibits less energy shift of ~1.2 eV with increasing g com-
pared to the energy shift of the SEP, which is consistent with
the theoretical calculations reported in Ref. [19]. Indeed, the
SEP dispersion tends to follow a paraboliclike g> dependence,
when ¢ is larger than critical vector g, [see the upper cyan
dashed line in Fig. 5(d)].

For comparison with anisotropic features in experimental
EEL spectra, dielectric properties of m-HfO, were calculated
including the static dielectric tensor (€) and high-frequency
dielectric tensor (€4,) as follows:

Static dielectric tensor (&)

[21.3578  0.0000  0.6316
= | 0.0000 19.2565 0.0000 |,
| 0.6316  0.0000 15.7394

High-frequency dielectric tensor (€,)

[4.9924  0.0000 0.07567
= | 0.0000 4.9537 0.0000
| 0.07567 0.0000 4.6447

Due to the primitive monoclinic symmetry of m-HfO,
with the P2;/c space group [see Fig. 1(a) and Table I], the
calculated dielectric tensors appeared to be neither diagonal
nor have identical diagonal terms. Among the main direc-
tions, deviations were only 0.1759 A (~3.4%) for lattice
lengths and 9.1918° (~10.2%) for lattice angles, respectively.
Hence, small anisotropies in m-HfO, can be found in any
direction-dependent property since the calculated dielectric
tensors had nonzero but small values of off-diagonal terms
and similar values of diagonal terms. Some anisotropies in
m-HfO, were found in the calculated frequency-dependent
dielectric function e(w) = €)(w) + iez(w) [see graphs in left
panels, Figs. 6(b) and 6(c)] and the calculated EEL spec-
tra [left panel in Fig. 6(a)] along the three main directions
(ie., E//a, E//b, and E//c) without LFE and with LFE.
The experimental low-loss EEL spectrum of m-HfO, [inset
in Fig. 6(a)] and the derived dielectric function e(w) (blue
dashed curve) are also shown in Fig. 6 for comparison. First,
one can see that the dielectric function near the absorption
edge at ~5 eV energy loss is similar in all directions with
just small deviations in E//a, E//b, and E//c. Second, the
absorption &, curves for E//a and E//b reveal the broad
feature at 5-10 eV energy loss, while a distinct peak exists
at ~9 eV energy loss for E//c exhibiting the anisotropic
absorption calculated without LFE. Indeed, the &, curves for
three main directions become rather close with considering
the LFE in calculation. The &, curves in the higher energy-loss
range are similar. In contrast, the polarization ¢; curves for
E//a, E//b, and E//c were close to the experimental results
except for an additional shoulder that appears at ~9 eV energy
loss for E //c calculated without LFE. Indeed, the & curves at
~35.5 eV energy loss will change their feature from the distinct
peak with a maxima value around 10 to a broadening feature
with the value of 6 for all three main directions, without LFE
and with LFE used in the calculation, respectively. Further-
more, the calculated EEL spectra for E//a, E//b, and E//c
orientations were similar to the experimental results except for
the smaller energy of the edge onset (or E,) in calculations.
Indeed, the calculated EEL spectra demonstrate the similar
shape and oscillator strength of the VP, which is consistent
with experimental results in Figs. 4 and 5, although a small
anisotropy in the dielectric function was found. Furthermore,
the peak oscillator strength for SEP at ~28 eV energy loss
is close to the VP or slightly higher than the VP in contrast to
the significant intensity difference in Refs. [18,19]. In general,
both experimental results and theoretical calculations show
a nearly isotropic dielectric response and the absorption in
m-HfO, despite its anisotropy.

In addition, EEL spectra of m-HfO, display a puzzling
spectral feature at ~48 eV energy loss with full width at
half maximum (FWHM), AE;,, of ~5.6 eV, and had been
discussed as part of the Hf O edge [13,14] or a local field
damped plasmon [19]. Intriguingly, similar spectral features
above 40 eV energy loss were also observed in other fluorite-
type structure materials, such as TiO, (at ~46 eV energy
loss with AEj;,; of ~7¢eV) [51] and ZrO, (at ~41 eV en-
ergy loss with AE;; of ~5 eV) [11,13]. These features were
considered to be the excitations from the Ti 3p states to the
Ti 3d states, and from the Zr 4p states to the Zr 4d states,
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FIG. 6. (a) The energy-loss function, (b) the imaginary part of the dielectric function, and (c) the real part of the dielectric function for
m-HfO, calculated along [100] (black curve and gray dashed line for calculated without and with LFE, respectively), [010] (red curve and pink
dashed line for calculated without and with LFE, respectively), and [001] (green curve and dark yellow dashed line for calculated without and
with LFE, respectively) directions. Experimental EEL spectrum [inset, the right panel in (a)], corresponding to the imaginary part and real part
of the dielectric function, and calculated energy-loss function plotted with a blue dashed line for comparison. The inset, right panel in (b), is
the enlarged real (black) and imaginary (red) parts of the dielectric permittivity of m-HfO, from Fig. 2(b).

respectively. Furthermore, the 3p (Ti) and 4p (Zr) to 5p
(Hf) states are almost atomiclike but still are slightly hy-
bridized with neighboring atoms causing minor chemical
shift differences of less than 1 eV between metal and oxide
states [11,52]. This was also confirmed by theoretical calcula-
tions considering the LFE [16,19,53,54].

Comparing the experimental and calculated e(w) at the
high-energy-loss side [right panels in Figs. 6(b) and 6(c)],
one can see distinct differences between the ¢; and &, curves.
Here, the ¢; derived from the experimental EEL spectrum is
positive, while the calculated &; without LFE crosses to the
energy axis at ~41 eV energy loss that corresponds to the
spectral feature at ~41 eV energy loss in the EEL spectrum
in Fig. 6(a). However, the polarization ¢ calculated with LFE
reveals it is no longer negative in this region and does not cross
zero which is similar to the earlier report in Refs. [16,19],

where the feature was assigned to a local field damped
plasmon based on the calculated £(w) and EEL spectrum us-
ing time-dependent density-functional theory (TDDFT) with
LFE [19]. Therefore, the spectral feature at ~48 eV energy
loss cannot be directly interpreted as a VP [15]. Furthermore,
the calculated ¢, curves without LFE appear to be significant
absorption features in the range of 32-40 eV energy loss,
which is originally assigned as the Hf O, 3 edge. However,
the inclusion of LFE can lead to a dramatic improvement in
the results, and reproduces the two absorption peaks at ~37.5
and ~43 eV energy losses, which is similar to the earlier
report in Ref. [19] and close to the experimental &, curves
although there is the absence of the feature at ~47 eV in all
the calculations.

Indeed, the peak decays with the evanescent wave field into
the vacuum at about 1 nm from the edge according to the
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FIG. 7. The w-g map for the energy-loss range 30-55 eV en-
ergy loss acquired along the [100] direction to the BZ boundary
(~0.6 A~"). (b) The EEL spectra extracted from the map (a) for
different g values. (c) The energy of the Hf O, ; edge at ~35 eV (red
circle) and ~39 eV (blue triangle), and the 5p semicore plasmon at
~48 eV (black square) along the [100] direction as a function of g.

intensity profile in the corresponding EFTEM-SI image (not
shown here). However, this decay length (/3) of about 1 nm
is shorter than the delocalization of 1.6 nm calculated using
the formula /4 = 0.5A/(9§/4) [21], where A is wavelength and
Og is the relativistic characteristic angle, implying the peak at
48 eV energy loss can be only assigned to a bulk excitation.
Dispersion behavior of the major features in the higher
energy-loss range (right panels in Fig. 6) is illustrated in
Fig. 7. Figure 7(a) shows w-g maps of the energy ranges from
30 to 55 eV along the [100] direction to the BZ boundary
(~0.6 A~1), and Figs. 7(b) and 7(c) show the EEL spectra
extracted from Fig. 7(a) and dispersion of the peak at 48 eV
energy loss as a function of characteristic g, respectively. The
peak at 48 eV energy loss [Fig. 7(b)] reveals paraboliclike
dispersion behavior along the [100] direction at ¢ > 0.1 A~!
with the energy shifts around ~1 eV [see Figs. 7(a)-7(c)]
while both the Hf O, 3 edges at ~35 and ~39 eV exhibit the
nondispersive curves. The dispersions of the Hf O, 3 edges
at ~35 and ~39 eV energy loss are also plotted for compar-
ison. It is well known that either the VP or the SEP should
demonstrate the paraboliclike dispersion while the nonverti-
cal interband transition would display the linear dispersion
curve [21,40,55]. Because the peak at 48 eV energy loss

exhibits paraboliclike dispersion, the nonvertical interband
transitions should be excluded. Upon further inspection, ex-
perimental &, [right panel in Fig. 6(b)] exhibits an absorption
peak at ~47 eV energy loss that could be interpreted as an in-
terband transition or the Hf 5p semicore excitation. However,
at ~47 eV energy loss &, < €1 [see inset in the right panel in
Fig. 6(b)] and therefore this feature cannot be assigned to the
SEP.

Recently, the semicore 5p plasmons were proposed to in-
terpret the peak at 48 eV energy loss for HfO, [19,53,54].
As aforementioned, these semicore electrons are slightly hy-
bridized with neighboring atoms and therefore contribute to
the partial valence bands (VBs). In this case, the resonance
occurs as a multiplet process that involves electrons belonging
to the partial VBs and single-electron excitations from the
Hf 5p° states to the 5p>5d* states. Since the semicore Hf 5p
plasmon is attributed to such multiplet resonance, it can easily
damp via the single-electron excitation from the Hf 5p° states
to the 5p>5d* states, still exhibiting the parabolic dispersion
behavior with energy shift less than ~1 eV. Because of the
rapid damping rate with shorter relaxation time (t), this re-
sults in broadening the peak since AE,, = /i/t, where /i is
Planck’s constant.

IV. CONCLUSIONS

The electronic excitations in monoclinic phase HfO,
were systematically studied by spatially and momentum (g)-
resolved EELS in STEM and SAED modes. By employing
aloof electron beam setups and positioning the electron probe
at the specimen edge in a grazing incidence and the material
interior, respectively, the SP at ~13.5 eV energy loss and the
VP at ~16 eV energy loss were observed. Using EFTEM-SI
imaging and relativistic energy-momentum (E-k) map calcu-
lations, surface-related SEP excitations were revealed at ~7.5
and ~28 eV energy loss with an evanescent wave field de-
caying into the vacuum. g-resolved EELS shows that the SEP
intensity at ~7.5 eV energy loss is a function of collection
B angle and g, and no anisotropy for the VP was observed
along the [100], [010], and [001] directions. The peak at 48
eV energy loss was assigned to the semicore Hf 5p plasmons.
The VP, the SEP at ~28 eV energy loss, and the semicore
5p plasmon all display parabolic dispersion behavior with
different energy shifts varying from 1 to 3 eV.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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