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Hafnia for analog memristor: Influence of stoichiometry and crystalline structure
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The highly nonlinear switching behavior of hafnia memristor actually hinders its wide application in neuro-
morphic computing. The theoretical understanding of its switching mechanism has been focused on the processes

of conductive filament (CF) generation and rupture, but the possible phase transition and crystallization around
the region of CFs due to the variation of O content have been less studied or understood. In this paper, HfO,
structural models covering the full stoichiometries from Hf to HfO, are established, and the crystal structure
evolution during the reduction process of hafnia is obtained through first-principles calculation. The electronic

structures and O vacancy migration characteristics of these structures are analyzed. A criterion is prescribed
to predict the mode of abrupt binary switching or gradual conductance modulation according to the structure
evolution of the CFs. In particular, factors that influence the merging of tiny conductive channels into strong CFs
are discussed intensively, including the anisotropy of O vacancy migration and the size effect. The feasibility of
Mg doping to achieve robust gradual switching is discussed.
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I. INTRODUCTION

Due to their high speed, complementary metal-oxide semi-
conductor (CMOS)-compatible nature, and three-dimensional
(3D) integration potential [ 1-4], binary oxide memristors have
been widely used in nonvolatile data storage, logic comput-
ing, and neuromorphic computing [5—12]. In particular, hafnia
(HfO,)-based memristors attract a great deal of attention due
to their downscale potential, nanosecond-level erasing time,
and excellent data retention [13-16]. Moreover, the resistive
switching (RS) window of hafnia memristors is typically
higher than other binary oxides such as TaOy and TiOy
[17-21], favoring their application as binary data storage. The
capability of establishing a robust Schottky barrier between
the conductive filaments (CFs) and HfO, has been revealed to
account for such a large RS window [22]. However, the actual
application scenario may require different RS characteristics.
For the sake of neuromorphic computing, linearity and sym-
metry are key aspects for the analog RS of the memristor
[23]. In general, its highly nonlinear RS behavior hinders
the application of hafnia-based memristor in neuromorphic
computing [24,25]. Element doping and combined use with
other RS materials are possible solutions, but there is still no
well-established theory to overcome the abrupt RS behaviors
in HfOQ.

To fundamentally resolve this problem, it is necessary to
gain a deeper and material-specific understanding of the RS
mechanism of an HfO,-based memristor. While the com-
monly accepted RS picture in HfO,-based memristors is
the formation and rupture of O-deficient CFs [26,27], excit-
ing new discoveries have been made in the past few years.
Celano et al. directly observed the conical structure of CFs
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in an Hf/HfO,/TiN memristor through their newly designed
scalpel-SPM (scanning probe microscopy) technique, which
is a kind of conductive atomic force microscopy, and they
defined the CF as a local region populated with O vacan-
cies (Vo’s) [28]. The cross-sectional area of a typical CF in
their experiment was ~ 40 nm? at the active Hf electrode size
but merely ~ 10nm? at the more inert TiN electrode side.
Therefore, V’s diffuse and migrate from the active electrode
side toward the inert electrode side during the formation of
CFs. Although the exact composition/stoichiometry of the
CF was not obtained, that work has lent strong support to
the Vp-induced CF conduction in hafnia memristors. Kumar
et al. observed that the CF in hafnia consists of an O-poor
conductive core surrounded by an O-rich region [29]. The
formation and dissolution of the CFs were ascribed to the
radial thermophoresis and Fickian diffusion of O atoms driven
by Joule heating. The role of O migration and its induced elec-
trochemical reactions were further probed directly by Yang
et al. in HfO, and TaO4 memristors with a spherical aberra-
tion (Cs)-corrected transmission electron microscope (TEM)
[30]. In 2018, Yin et al. [31] showed high-resolution TEM
(HRTEM) evidence that the CFs in hafnia memristors consist
of crystalline regions of monoclinic and orthorhombic sym-
metry, even though the pristine hafnia film was amorphous
before electroforming. The work indicates the significance
of crystalline HfO; phases for the search of CF structure
in amorphous hafnia-based memristors. For polycrystalline
hafnia films, it has been shown that the CFs prefer to emerge
near grain boundaries [32] where the creation of V’s can be
easier than in the bulk [33].

Very recently, Zhang et al. [34] identified the crystalline
structure of the CFs in hafnia memristors through com-
prehensive HRTEM imaging for Pt/HfO,/Pt, TiN/HfO,/Pt,
Ta/HfO,/Pt, Hf/HfO,/Pt, and Ti/HfO,/Pt cells. The CF con-
sists of a hexagonal Hf O metal core surrounded by an O-rich
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monoclinic HfOx (m-HfO4) or tetragonal HfOy (z-HfOy)
shell. The crystalline feature of the CFs is very prominent,
though the pristine hafnia thin films were always amorphous.
In that work, the electroforming and SET/RESET operations
were sufficiently thorough to support a 10® RS window, thus
the core-shell CF structure has exactly been confirmed at least
for the binary RS mode of hafnia memristors. The observation
of the thermodynamically stable Hf cO phase (i.e., ~HfOy 17)
is also consistent with the theoretical prediction by McKenna
(HfOg ) [35] through an energetic argument.

Notwithstanding these new discoveries, including concrete
TEM evidence, it must be emphasized that to identify the CF
of hafnia memristors under gradual switching mode (or say,
working as an analog memristor) through TEM is much more
difficult than under the binary switching mode. A gradual
resistance modulation may not alter the symmetry of the CF,
but it only involves mild ionic migration. The conductivity
variation among different regions is also expected to be much
slighter than the binary mode. Since the gradual RS mode
is very important for neuromorphic computing applications,
theoretical calculations become a viable choice. In particular,
the previous discovery that the CF involves crystalline regions
could greatly facilitate the theoretical investigation of the CF
composition and structure in hafnia memristors under the
gradual RS mode. Using first-principles calculations, the RS
mechanism in hafnia has been studied intensively. Perevalov
and Islamov er al. used first-principles calculations to simulate
the electronic structures of various defects in HfO,, including
the Vo, interstitial O, interstitial Hf, as well as Hf substi-
tuting for O, and they showed that Vg’s are the key defects
for the charge transport and resistive random access memory
(RRAM) operability [36], verifying the importance of Vg in
the RS process. The theoretical study of the formation and
migration of Vg shows that there is an optimal path with low
migration barrier [37], which is beneficial to the reduction of
operating voltage and the acceleration of the signal response.
However, a low migration barrier also leads to poor thermal
stability of hafnia-based memristors [38]. Several works have
shown the tendency of O vacancy clustering in hafnia [39,40],
which explains the formation of conical structure CFs in HfO,
and confirms a size limit of CFs in Hf or Hf-like compositions
(~ 0.4nm?) [40].

These previous theoretical studies, however, did not cover
all possible crystalline HfO, phases between Hf and HfO,.
Most works emphasize the significance of Vg concentration
for conduction, but the resulting phases with sufficient Vg
concentration that act as CFs are unclear. On account of
the experimental identification of crystalline CF structures,
various HfO, (0 < x < 2) phases ought to be examined for
possible CF composition of hafnia memristors under the grad-
ual RS mode. Actually, a number of Hf suboxide phases
have been either predicted or discovered. Some well-known
hexagonal (h—) phases can be regarded as the derivatives of
hep Hf, including h-HfsO (R3), h-Hf30 (R3c), and h-Hf,0
(P31m) [41]. The ground state of HfO has been predicted to
be tetragonal (¢-) 14,/amd, which is metallic and has also
been extensively observed in the experiments by Zhang et al.
[34]. Ground-state ZrO, however, was predicted to possess a
P62m structure [42]. Its h-HfO counterpart is energetically
less favorable than r-HfO, and surprisingly shows a tiny band

gap [43]. Predicted Hf,O3 phases involve a tetragonal P4m2
structure [44] and an orthorhombic /bam structure [45], with
the former slightly lower in energy. Several other pressure-
induced HfO4 suboxides have also been predicted [41]. The
sequence of suboxide presence during the reduction of HfO,
has been summarized as roughly from the tetragonal symme-
try to the hexagonal symmetry [46]. A recent work shows that
the transitional stoichiometry is around HfOg 7 [47].

In hafnia memristors, the reduction of HfO, is limited to a
directional electric field and thermal forces, which is different
from the reduction in bulk forms. We shall establish the re-
lation among various HfOx phases in memristor applications.
Based on the comprehensive materials information, we then
derive the working modes of hafnia memristors. The size-
composition relation of CFs in hafnia will also be investigated.

II. MODELING AND COMPUTATIONAL DETAILS

A. General considerations

At atmospheric pressure and low temperature, monoclinic
P2 /c is the most stable phase of HfO,, which can stand up
to ~2000 K [48], thus becoming the natural choice of our
starting point for the pristine state of HfO,-based devices.
As only the CFs and their surrounding regions are signifi-
cant, which account for the RS behaviors, such a crystalline
starting point also makes sense for the initially amorphous
HfO, memristors. There is concrete experimental evidence
that the CF-surroundings can be crystallized through the Joule
heating effect from electroforming, SET, and RESET oper-
ations [34]. Therefore, we gradually increased the oxygen
vacancy concentration in m-HfO,, covering the full stoi-
chiometries from HfO, to Hf. After structural optimization,
these reduced HfO; models could give useful information
regarding the relatively stable HfOy structures for 0 < x < 2,
which can possibly be metastable from thermodynamics but
are more favorable against other structures at that specific
stoichiometry. Moreover, ion migration barriers were system-
atically calculated to explore the possible transition routes
between these stable or metastable phases. The kinetic in-
formation is highly relevant because our primary concern is
the scenario of memristor application, where only a unidi-
rectional (either positive or negative) electric field is applied
to the capacitor. In this case, some thermodynamically fa-
vorable phases may not be reached due to high transitional
barriers.

B. Modeling details

The structure of m-HfO, is illustrated in Fig. 1, which de-
rives from the cubic fluorite structure, but the Hf coordination
has been reduced from 8 to 7 in terms of the monoclinic
distortion. There are two inequivalent O sites, 3-coordination
O(A1-A4) and 4-coordination O(B1-B4). The O-atom layer
including O(B1), O(B2), O(A3), and O(A4) is equivalent
to the layer including O(A1), O(A2), O(B3), and O(B4). A
specific amount of O atoms (from 1 to 8) was removed from
the 12-atom primitive cell Hf 4Og, and the remaining structure
was subject to full relaxation. Of course, we cannot start from
all possible m-HfO, supercells for O removal, which is an
endless task. Nevertheless, previous experience shows that the

084603-2



HAFNIA FOR ANALOG MEMRISTOR: INFLUENCE OF ...

PHYSICAL REVIEW MATERIALS 6, 084603 (2022)

FIG. 1. The structure of m-HfO, (right) as derived from the cubic fluorite structure (left). The basic directions of Hf movement and the

broken Hf-O bonds are marked for the monoclinic distortion.

Hf,Og primitive cell is sufficiently large to yield possible sub-
oxide phases [44]. Moreover, we shall show that all reported
or predicted HfOy cases are included in or related to our search
results, which proves the effectiveness of the method a poste-
riori. Careful symmetry analysis has eliminated a number of
redundant cases, ending up with only 32 inequivalent HfO
models, as summarized in Fig. 2.

C. Computational details

The ab initio calculations were carried out using density
functional theory (DFT) [49,50] as implemented in the plane-
wave based Vienna Ab initio Simulation Package (VASP 5.4.4)
[51,52]. The generalized gradient approximation (GGA) was
adopted for the exchange-correlation energy, in the Perdew-
Burke-Ernzerhof functional form [53]. It is well known that
DFT-GGA systematically underestimates the band gaps for
semiconductors and insulators. Hence, we implemented an
efficient self-energy correction scheme (DFT-1/2) [54-56],
originally proposed by Ferreira et al. and later improved by
Xue et al. (shDFT-1/2) [57], to carry out electronic structure
calculation. Both the electronic structure and the Vo migra-
tion barrier were calculated based on 2 x 2 x 2 (96-atom)
supercells (see Note 1 in the Supplemental Material [58] for
detailed calculation parameter settings). The migration barrier
was calculated using a climbing image nudged elastic band
(CI-NEB) method.

III. RESULTS AND DISCUSSION

A. Structural analysis of HfO, at various stoichiometries

For structural optimization of the 32 primitive cell models,
high-precision full relaxation was carried out first. To visu-
alize the changes of crystal structures, the relaxation results
were extended to 2 x 2 x 2 supercell structures, as illustrated
in Fig. 3. On the other hand, Fig. 4 summarizes the possible
HfOx structures under various stoichiometries, which may be
classified into three regimes.

Regime 1 (1.5 < x < 2.0): All HfOy structures in this
regime remain in the monoclinic symmetry (m-HfOy), includ-
ing Case-2 and Case-3.

Regime 2 (1.0 < x < 1.5): There are both monoclinic
phases (m-HfOy: Case-4, Case-5, Case-7, and Case-9) and
tetragonal phases (r-HfOy: Case-6 and Case-8). The binding
energies of m-HfOy structures are between —7.58 eV/f.u. (f.u.

stands for a formula unit) and —7.70 eV/f.u. (see Note 2
in the Supplemental Material [58]), where the lowest-energy
structure is Case-4, which will subsequently be intensively
analyzed as the prototype m-HfO, 5 structure. The ¢-HfOy
structure is shown in Fig. 4(b), where Hf atoms maintain an
fce-like structure (though distorted) and O atoms can occupy
two types of positions (Site-1 and Site-2). When all O atoms
occupy Site-1, the structure is the P2/c-HfO, 5 phase (Case-
8). Provided that O atoms occupy both Site-1 and Site-2,
a P4m2-HfO, 5 phase (Case-6) can then be recovered. The
obtained HfO »5 structures are similar to that of HfO, 5, and
they can also be divided into m-HfO (Case-12) and #-HfOy
(Case-10 and Case-11).

Regime 3 (x < 1.0): There are a variety of phase structures
in this regime, but in all cases the Hf atoms remain in quasi-fcc
structure and the O atoms occupy Site-1 or Site-2 positions.
Therefore, these structures can be regarded as O-deficient
structures of r-HfO, and P4m2-HfO; s.

However, no known #A-HfO, structure was obtained
through this modeling method. This is due to the constriction
of the Hf-subsystem topology, which fails to be converted to
hexagonal symmetry. Previous studies [41,45] have demon-
strated the vicinity of pure Hf in the Hf-O system, where
the hcp structure is preserved and the extra content of O
is distributed among the interstitial positions octahedrally
coordinated by Hf atoms. It has also been confirmed exper-
imentally that HfOx will be converted into A-HfOx at x = 0.7
[47]. Theoretically, the O content of h-HfO4 can reach x =
0.83, and the corresponding structure is 1-Hf¢Os, as shown in
Fig. 4(c). Therefore, the HfOy structure in Regime 3 (x < 1.0)
is considered to be A-HfOy. Our method thus covers the O-rich
phases prior to the tetragonal-to-hexagonal transition.

Obviously, HfO, underwent a transition from the mono-
clinic phase to tetragonal phases, and eventually to hexagonal
symmetry upon decreasing the O content. A critical stoi-
chiometry is discovered to be x = 1.5, at which there are three
phases, m-HfO, 5, P4m2-HfO 5 (hereafter named «-HfO s
or -Hf>03), and another tetragonal phase of HfO; s derived
from P4,/nmc-HfO,. Their crystal structures are illustrated
in Fig. 3 as Case-1, Case-6, and Case-8. Another predicted
Ibam phase of HfO, 5 (referred to as §-HfO, 5 or §-Hf, O3 for
convenience) [45] is not included in Fig. 3, but its relation to
other HfO, phases will be clear soon. The tetragonal phase
of HfO, 5 derived from P4, /nmc-HfO, has a P2/c symmetry,
and it will be referred to as y-HfO s in this work. Figure 5(a)
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FIG. 2. The 32 inequivalent unit-cell models of the full range of Hf-O binary compounds in our search. Red balls stand for O atoms, blue

balls represent Vo, and white balls correspond to Hf atoms.

shows their Helmholtz free energy variations with respect
to temperature 7', with the vibrational entropies calculated
using the harmonic-oscillator model (details given in Note 3
of the Supplemental Material [58]). Zero-point energy was
added to the free energy for 7 = 0K in each phase. With
the lowest free energy at zero temperature, «-HfO 5 is used
as a reference. The results show that the phase-transition
temperature between m-HfO, 5 and o-HfO; 5 is 2490 K, and
that between «-HfO; 5 and y-HfO, 5 is 1193 K. These high
temperatures can hardly be obtained during the memristor op-
erations. In other words, reversible phase transition between

a-HfO; 5 and the other two phases is unlikely through Joule
heating. Nevertheless, the phase transition between y-HfO 5
and m-HfO, 5 can occur at merely 62 K. This is a remarkable
result, since the phase-transition temperature between ¢-HfO,
and m-HfO, is well known to be as high as 1973 K [48].
Hence, the existence of abundant O vacancies improves the
stability of P4,/nmc-like HfOy [34]. It also implies that a CF
with m-HfO, s structure would spontaneously transform into
the y-HfO, 5 structure.

A different Hf,03 phase with the /bam symmetry (i.e.,
B-HfO, 5 in this work) was predicted by Rushchanskii et al.
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FIG. 3. Structural demonstration of the 32 inequivalent models after complete relaxation.

in 2018 [45]. Figures 6(a) and 6(b) compare the atomic struc-
tures of B-HfO; 5 and y-HfO, s. Their topological structures
are extremely similar. Actually, 8-HfO s is obtained by intro-
ducing b-direction V¢ chains in cubic HfO, (c-HfO,), while
y-HfO; 5 is derived through the same procedure, but starting
from ¢-HfO,. Therefore, O anions are strictly aligned along
the b-direction in B-HfO, s, but a zigzag sequence of O an-
ions is observed in y-HfO; 5. Our calculation roughly shows
a critical temperature of 544 K for their phase transition.
Hence, f-HfO, s may be obtained from y-HfO; s at a finite
temperature.

Besides x = 1.5, another important stoichiometry during
the reduction process of hafnia is x = 1, where the lowest-
energy HfO phase is 14| /amd-HfO as predicted by Zhu et al.
[59] [structure shown in Fig. 6(c), with the unit cell rotated
by 45° along the c-axis to be better compared with the other
HfO phase]. It will be called o-HfO for convenience, while
B-HfO refers to the P62m phase [42,43]. Moreover, HfO
may also be obtained through introducing more O vacancies
from y-HfO, s, yielding the tetragonal y-HfO phase in a
P4, /mmc space group, as illustrated in Figs. 6(b) and 6(d).
The free-energy comparison for these HfO phases is given
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FIG. 4. The phase structure evolution of HfO4 during the reduction process.

in Fig. 5(b). Although the ground-state total energy calcula-
tion favors «-HfO, after considering the zero-point energy,
B-HfO becomes the most favorable phase at zero temperature.
The phase-transition temperature between «-HfO and g-HfO
(y-HfO) is 216 K (152 K). Hence, 8-HfO and y-HfO may be
converted to «-HfO at room temperature.

B. Relations between HfO, and several Hf suboxides

The Hf suboxides with tetragonal or orthorhombic symme-
tries are all metastable at room temperature and atmospheric
pressure, according to thermodynamic data [41]. However,
they may be stabilized in a memristor device due to mechan-
ical confinement and/or under a certain stress. In memristors,
the special situation is that these phases should be derived
during the reduction process of HfO,, mainly within the elec-
troforming step. Therefore, before exploring the possibility of
a suboxide to serve as the CF, it is a prerequisite to understand
its relation to m-HfO,, or to fluorite c-HfO,, because m-HfO,
can be regarded as a distorted version of the fluorite structure.

To this end, we first note that it is the topology of
the Hf subsystem that determines whether HfOy is in a
tetragonal-like structure or a hexagonal structure. The
Hf-subsystem is fcc or distorted fcc for the former, but it
becomes hcp for the latter. The O anions may reside near
the eight fluorite sites (Site-1) or near the four rocksalt sites
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(Site-2). Although m-HfO, is highly distorted, all its O
anions still reside at Site-1, as in the fluorite structure. The
monoclinic distortion reduced the Hf coordination number
to 7, which better fits the ionic radius ratio between Hf**
and O% [60]. As x becomes 1.5, neither the fluorite structure
nor the rocksalt structure fits its stoichiometry, but their 1:1
mixture does. Hence, «-HfO, 5 is in fact a natural candidate,
which can be viewed as removing half of the 4-coordination
O anions from m-HfO,, followed by transferring the
3-coordination O anions from Site-1 to Site-2, as illustrated in
Figs. 7(a)-7(d). The Site-2 O anions show a further distortion
along the c-axis, which renders 7-coordination for the Hf
cations instead of 8. On the other hand, both 8-HfO; 5 and
y-HfO, 5 only require creating Vo chains along the b-axis of
m-HfO,, without interchanging Site-1 and Site-2 O anions, as
illustrated in Figs. 7(e)-7(g). Actually, they possess no Site-2
O anions, just like in m-HfO, and 7-HfO,.

When it comes to HfO, we first notice that y-HfO is closely
related to y-HfO, 5 through simply introducing more Vg ’s. At
x = 1.0, y-HfO becomes much more symmetric (P4,/mmc)
than y-HfO; 5 (P2/c). On the other hand, a-HfO could also
be derived from y-HfO; 5, with more V¢ chains introduced.
Figures 6(c) and 6(d) show that the structures of o-HfO and
y-HfO are highly similar. The Hf and O atoms in a-HfO have
been slightly distorted compared with y-HfO, but the global
Hf-sublattice is still of fcc-type and all O atoms reside at

(b) 20
—_ e —— I4 /amd-HfO
15 0.5 —— Pizlmmc-HfO i
152 K —— P62m-HfO

216 K

0.5

05000 150 200 250 300 /
5 /
0
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—
=)

Relative Free Energy (eV/f.u

'} I}
1000 1500
Temperature (K)

2000

FIG. 5. Relative Helmholtz free energies of (a) m-HfO,s, P2/c-HfO,s, and P4m2-Hf,0s; (b) I4,/amd-HfO, P4,/mmc-HfO, and
P62m-HfO. The free energy of a selected phase (P4m2-Hf,05 or 14, /amd-HfO) is set to zero at any temperature.
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FIG. 6. The structure diagrams of (a) /bam-HfO, s (8-HfO, s),
(b) P2/c-HfO,5 (y-HfO;5), (c) [I4y/amd-HfO («-HfO), and
(d) P4, /mmc-HfO (y-HfO).

Site-1. Such tiny distortion reduces the free energy, rendering
a-HfO more stable than y-HfO at room temperature. Note
that in all predicted and experimentally observed HfO phases,
the O atoms occupy Site-1 rather than Site-2. As «-HfO; 5
requires a partial occupation of Site-2, the rule observed in
HfO confirms that «-HfO 5 is a bit isolated from the global
path of hafnia reduction under the memristor situation, though
the direct growth of HfO, under O-poor condition may yield
a-HfO; 5 [61,62].

If the fcc-sublattice for Hf is to be maintained, the
prototype models with O occupying Site-1 and Site-2
are c-HfO, and rocksalt HfO, respectively. Their mixture
generates HfO, with 1 < x < 2. The rocksalt structure is
indeed a simple potential phase for HfO, where the O atoms
may only occupy Site-2. However, in addition to its high
energy, the phonon spectra of rocksalt HfO show that it is
kinetically unstable. The Hf-O bond length in rocksalt HfFO
is also longer than in «-, 8-, and y-phases of HfO, but it
is more ionic than other phases. Detailed comparisons and
calculation data for rocksalt HfO are presented in Note 4 of
the Supplemental Material [58].

The next issue is the structure of HfO, with x < 1. The
kinetic instability of rocksalt HfO hinders the formation of
cubic like HfOx (x < 1) by introducing Vg’s from rocksalt
HfO. However, introducing Vg’s in y-HfO or a-HfO (which
is almost the same) is a possible route. We therefore ob-
tained y-HfOy 75, but its phonon instability (see Note 5 of the
Supplemental Material [58]) indicates that keeping the fcc-
like Hf-sublattice is no longer feasible for highly reduced Hf
suboxides with x < 1. Hence, a major structural change from
fcc-Hf to hep-Hf inevitably occurs near the stoichiometry of
HfO. The experimentally observed transition stoichiometry
at ~HfOq 7 [47] is not far away. If starting from the hcp-Hf
sublattice side, the possible emergence of hexagonal g-HfO
through backward oxidization still cannot be ruled out. To sum

up, the relation between various Hf-O compounds during the
reduction process of HfO, is given in Fig. 8.

C. The electrical and Vo migration properties
in different HfO, phases

There are two reasons to understand the modes and dif-
ficulty of Vo migration in these HfO4 phases. On the one
hand, it helps to determine whether a specific HfO4 suboxide
phase may be obtained starting from HfO, (either amorphous
or polycrystalline), under the memristor operation conditions.
This adds to our understanding of the CF formation from a
kinetic point of view, besides the thermodynamic point of
view. On the other hand, technically favorable CFs should
possess proper migration barriers for Vg’s, since too low
barriers could deteriorate the stability of CFs as well as the
device retention, but too high barriers would increase the
device operation voltage.

1. Transition barriers between various HfOx phases

To understand which suboxide phases are likely to emerge
during the reduction process of hafnia, we setupa2 x 2 x 2
supercell for m-HfO, to investigate the migration barriers of O
vacancies, along B4— B1 (for the sake of «-HfO, 5 formation)
as well as A2— A3 (for the sake of y-HfO;s formation)
paths, considering both neutral Vo and V%;’. These paths are
self-continuous so as to enable drastic phase transitions. As
illustrated in Fig. 9, the migration barriers for Vg and Vé* are
similar along the B4—B1 path, as high as ~5.0 eV. Yet, for
the A2— A3 path, migration barriers for Vé+ and neutral Vo
are merely 2.39 and 2.98 eV, respectively. Hence, under the
driving force of electric field, it is easier to obtain y-HfO s
rather than o-HfO; 5 from a kinetic point of view. On the other
hand, to derive a¢-HfO, 5 from y-HfO, s, a part of the O atoms
have to migrate from Site-1 to Site-2, whose transition barrier
is larger than the migration from Site-1 to Site-1 (details
are shown in Sec. III C2). Accordingly, the HfO, CF with
1.0 < x < 1.5 tends to keep the tetragonal symmetry as in
y-HfOx.

2. RS within m-HfOy

As mentioned in Sec. III A, when the Hf/O ratio x is greater
than 1.5, the single-phase HfO crystal structure remains mon-
oclinic. For such a range of stoichiometry, the structures and
density of states of m-HfOy are shown in Fig. 10, confirming
their semiconductor characteristic for the entire range 1.5 <
x < 2.0. Provided that m-HfO, is to serve as the conductive
channel, the RS will be confined to the high resistance state
(HRS), but resistance modulation within a limited range (com-
pared with the binary RS mode) is still possible. A potential
benefit of this mode lies in the fact that no sharp transition to
a metallic state is involved, therefore the linearity of the RS
may become better. Indeed, as the O content decreases, the
defect states in m-HfOy get stronger and accumulate below
the conduction-band minimum (CBM), lowering the energy
gap to a value of 0.24 eV at x = 1.5. The reduced defect
excitation barrier should render much more excited carriers
and improve the conductivity of m-HfOy. The HRS of hafnia-
based memristors may vary dramatically with O content. Our
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FIG. 7. The procedure of atomic structure evolution between (a)—(d) m-HfO, 5 and P4m2-HfO 5, and (e)—(g) m-HfO, 5 and P2/c-HfO 5.

previous experiments demonstrate that this range is between
100 k€2 and 3 MS2 for a hafnia-memristor with 20 nm dielec-
tric thickness and 80 um x 80 u m device area [63].
Although the conductivity of m-HfOy varies monotonously
with O content, the realization of multivalue storage and
continuous conductivity modulation of m-HfOy is seriously
hindered by the mobile characteristics of Vg. As shown in
Fig. 11(a), due to the poor symmetry of m-HfO,, there are nine
inequivalent Vo migration paths. Distinct from the analysis
in Sec. IIIC1, we only focus here on migration between
neighbor sites, with any individual hopping distance limited
to within 3 A. This is because RS within m-HfOy does not in-
volve high driving force, but a phase transition requires drastic
structural changes, such that the paths in Sec. III C 1 are all be-
yond 4 A. For the sake of conductance modulation, the results
in Fig. 11(b) show that V¢ in m-HfO, has the lowest migration
barrier along Path-8 (1.72 eV). Moreover, continuous migra-
tion solely through Path-8 is possible, without invoking other
paths. Therefore, CFs can preferably be created along this path
in the c-axis direction. The Vo migration barriers for other
paths lie between 2.26 and 3.00 eV. However, when electrons
detrap from a neutral Vg to generate charged Vé+ under
the applied electric field, the migration barrier of each path
decreases significantly, and the migration barrier of Path-1 is
as low as 0.34 eV. The migration barriers of Path-5, Path-6,

Yo ylpHro,]  [u-Hroj4ms

Phonon instability

Distortion Distortion

Reduction

A

Q

Y ry
variation

Vo and reconstruction

’

f-c.c. Hf-lattice h.c.p. Hf-lattice

FIG. 8. Relation of intertransition between various Hf-O com-
pounds during the reduction process of HfO,.

Path-8, and Path-9 are lower than 1.00 eV. These paths alto-
gether cover migration in all directions, thus Vé+ in m-HfO,
is prone to diffusion/drift, which will lead to instability of O
content in CFs as well as poor stability and consistency of
the HRS. Diffusion can be achieved along multiple paths with
mixed directions. Therefore, it is difficult to achieve stable
multivalue storage and continuous conductance modulation.

3. RS within y-HfO,

For 1.0 < x < 1.5, there are phases that are derivatives
of y-HfO, 5 and o-HfO s, respectively. Conductive paths of
y-HfO, 5 composition have been observed in experiments
[34], but CFs of «-HfO; 5 composition have never been dis-
covered in memristors. In addition, derivatives of a-HfO; 5
can be regarded as derivatives of y-HfO; s with more Vg’s
(cf. Fig. 6). Therefore, these CF candidates will be globally
referred to as y-HfOy. In the x range of interest, the struc-
tures and density of states of y-HfOy are shown in Fig. 12.
Obviously, the density of states of y-HfO s is similar to that
of m-HfO, 5, and the defect states introduced by Vg are dis-
tributed below CBM. With the decrease of O content, the num-
ber of shallow defect states increases. For x < 1.25, y-HfOy
becomes metallic. The conductivity of y-HfO 5 is similar to
that of m-HfO, 5, which indicates that the change of CF struc-
ture from m-HfO, 5 to y-HfO; 5 will not lead to the sudden
change in the conductance of HfO,-based memristor. In addi-
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FIG. 9. The Vg and V(Z;’ migration barriers in m-HfO, under the
paths of (a) B4—B1 and (b) A2— A3.
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FIG. 10. The crystal structures and density of states of (a) m-HfO,, (b) m-HfO, 75, and (c) m-HfO, 5. The Fermi levels (Ef) are marked in

(b) and (c).

tion, the phase-transition temperature between y-HfO,; 5 and
m-HfO 5 is estimated to be merely 62 K, and reversible tran-
sition may be realized in the practical operation process. The-
oretically, when O content in CFs is maintained at | < x < 2,
hafnia-based memristor can realize continuous conductivity
modulation with a large adjustable range (from an insulating
state to a metallic state) by controlling the O content in CFs.
However, like m-HfOy, the stability of Vg in y-HfO 5 is
also poor. As shown in Fig. 13, Vg has only two inequivalent
paths in y-HfO; 5 due to its higher symmetry. The migra-
tion barriers of Vg along Path-1 and Path-2 are 0.83 and
1.22 eV, respectively, both lower than that in m-HfO,. There-
fore, CFs composed of y-HfOy still hardly provide stable low
and intermediate resistance states for hafnia-based memris-
tors. Different from the case of m-HfO,, the migration barrier
of V(Z;r (1.17 eV for Path-1 and 1.82 eV for Path-2) is higher
than that of neutral Vp. The reason is analyzed as follows,
considering m-HfO, and y-HfO, 5. As shown in Fig. S2(a) of

(b)

» o]
n o

»
o

—
=

Migration Barrier (eV)

FIG. 11. (a) The schematic diagram of Vo migration path in m-HfO,

0
Path-1 Path-2 Path-3 Path-4 Path-5 Path-6 Path-7 Path-8 Path-9

Note 5 of the Supplemental Material [58], the defect states
induced by a neutral Vg in m-HfO, are spatially localized
exactly at the Vg location. These electrons tend to block the
migration of a negatively charged O anion to the vacancy
site, thus causing a higher migration barrier of neutral Vg
compared with V%;’ in normal cases. Nevertheless, the trapped
electrons only loosely surround the vacancy site in y-HfO; s,
as illustrated in Fig. S2(b) of Note 5 of the Supplemental
Material [58], close to the Hf sites. These electrons do not
hinder the transport of O%-, thus accelerating the migration of
neutral Vg in y-HfO 5.

4. RS involving h-HfOy

The atomic structure and density of states of A-HfO, under
various O contents are shown in Fig. 14, all of which are
strong metals and contain many interstitial positions for O.
Among the highly reduced HfO phases with x < 1.0, h-Hf O

; (b) the histogram of Vo migration barriers under different paths.
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FIG. 12. The crystal structures and density of states of (a) y-HfO, s, (b) y-HfO, 55, and (c) y-HfO.

has been proved to be a stable phase at room temperature and
normal pressure [41], whose hexagonal structure is shown in
Fig. 14(d). CFs with the h-HfO4 composition clearly indicate
a low resistance state (LRS) of the memristor, and h-HfO
has been widely discovered as the CF composition in the
experiment of Zhang et al. [34]. Similar to «-HfO; 5, h-HfO
requires absorbing a number of O atoms so as to be ruptured.
The robust nature of A-HfO, leads to violent SET/RESET
processes, and hafnia memristors in this mode exhibit obvious
sharp-transition binary characteristics.

Mao et al. carried out a comprehensive study on the migra-
tion barriers of O atoms in A-HfO, under various O contents,
giving barriers between 2.26 and 3.64 eV [46], significantly
higher than in m-HfO; 5 and y-HfO, 5. This greatly strength-
ens the stability of the CF structure. On the other hand, the O
content in #-HfOy has little influence on its conductivity char-
acteristics [46], rendering the LRS level robust if constructed
from h-HfO. Although multivalue storage and continuous
conductance modulation can be realized by controlling the
size of the CFs [64], CFs remain highly conductive, and the
linearly adjustable range of conductance is limited [63].

Path-1

Path-2

FIG. 13. (a) The schematic diagram of Vo migration path in
P4, /nmc-HfO, 5; (b) the histogram of Vo migration barriers under
different paths.

D. The size effect of CFs

The above analysis implies that gradual conductance mod-
ulation is possible in hafnia memristors by restricting the CF
composition to monoclinic or tetragonal phases, rather than
incurring the highly reduced hexagonal phases. The modu-
lation is ideally achieved through controlling the excitation
barriers from the defective states. However, experimentally it
is difficult to obtain a wide range of continuous conductance
modulation in undoped hafnia [24,63,65-69]. In addition
to the poor thermal stability of Vg’s, the CF size effect
in m-HfO, or y-HfO compositions is another key factor,
namely, to what dimension the CFs of m-HfOy or y-HfOy
structure can remain stable. According to thermodynamic data
[34], a sufficiently large m-HfOx or y-HfO4x CF (1.0 < x <
2.0) tends to decompose into m-HfO, and h-Hf¢O, but small
CFs of such compositions may become stable due to the es-
tablished interfaces in their chemical environment. Therefore,
this section is devoted to the stability of CF models consisting
of m-HfOy with various sizes [shown in Figs. 15(a)-15(c)], as
well as CFs composed of #1-HfO with the same V¢ concentra-
tions [shown in Figs. 15(d)-15(f)]. All CFs are embedded in a
7 x 1 x 7 m-HfO, supercell. The construction of m-HfOx CF
models is straightforward so as to introduce a number of Vg
chains in a given region of the 7 x 1 x 7 m-HfO, supercell. A
minimum distance is kept between vacancy chains to ensure a
local stoichiometry of ~HfO, 5, without collapsing into metal
Hf-like phases. It is, however, more complicated to create
h-HfO4 CFs inside m-HfO, because of the symmetry incom-
patibility. Here we carry out a two-step process. First, both Hf
and O atoms are removed, in a 1:2 atomic ratio, from a certain
region of the 7 x 1 x 7 m-HfO, supercell. Subsequently, a
size-matched h-Hf¢O supercell is filled in this hollow region.
The hexagonal structure of the CF is maintained as well as
possible, and the number of Vg’s is kept the same as the
corresponding m-HfOx CF models (Ny, = 2Ngs—Np).

In Fig. 15, only those models with the same Vo content
could be compared, i.e., (a) with (d), (b) with (e), and (c)
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where Ej,_pr,0 is the formation energy of h-HfsO CFs,
Em_nro, 5 is the formation energy of m-HfO, 5 CFs, and Ny,
is the amount of Vg per supercell. The formation energy of a

CF is

with (f). Since the hexagonal phase can be regarded as a

consequence of Vg aggregation, while in m-HfOy the V’s are

still apart from each other, we define here a cohesive energy

of the Vg as

En_nr,0 — Em—nro, 5

Emodel + Nvoito — nEgro,,

Eform

N Vo

(02 6% a? 0% 0P 0 a? 6® o? 0% o 6° of o°

8 88 88 86 88 88658

07 6% a% 0% a? 6% o 6% a? 4 0¥ 4% of &°

B 58 5 8 8 8 88 58 8 8

0% 0% 0% a? o°

8 858 8 8

4

o

(09 0% oY 0% a?

85 8 8

8 8 8 88

8 58
0? 0% a? o®

07 0% a? 0% o? o°!

B 5 8 58 588858 EE

with global V¢ content at (a) 2.8%, (b)

FIG. 15. Structural illustrations of various CF-in-dielectric models. CFs of m-HfO; 5 composition,
11.2%, and (c) 25.3%; CFs of h-HfcO composition, with global V content at (d) 2.8%, (e) 11.2%, and (f) 25.3%. Dielectric regions outside

the CF are faded to some extent to emphasize the CF location.
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where Epoqe is the energy after model relaxation, o is the
chemical potential of the O element, Eyso, is the energy of
ground state m-HfO,, and n accounts for the size of the model
supercell.

Therefore, E. reflects the energy required for the CF struc-
ture to evolve from m-HfO, 5 to h-HfcO (see Fig. 16). When
the Vo concentration is merely 2.8%, corresponding to ~1 nm
diameter of m-HfO, 5 CFs, the E. value is positive (0.03 eV),
indicating that m-HfO; 5 CFs are more stable. When the Vg
concentration rises to 11.2% (the diameter of m-HfO, 5-CFs
reaching ~2 nm), E. decreases rapidly to a negative value
—0.37 eV, predicting a spontaneous transformation of the CF
into h-HfcO structure. As the Vg concentration increases fur-
ther, E. does not change significantly, but still listing 4-Hf ;O
as the favorable CF composition. Hence, a CF composed of m-
HfO, 5 would become unstable as its diameter exceeds 1 nm,
collapsing to A-HfcO. Such a process is drastic as it involves
sharp symmetry conversion and composition changes, which
is related to the binary character of the RS.

E. Connection to experimental research on hafnia-based
memristors

In this section, we relate our theoretical outcomes to the
existing experimental research. As it is well accepted that
the chemical composition and defect concentration are highly
relevant to the crystalline structure of HfOy thin film as well
as its RS characteristics, Kaiser er al. [47] recently investi-
gated the crystal structures of HfOy thin films throughout the
entire stoichiometries, using x-ray diffraction (XRD), x-ray
photoelectron spectroscopy (XPS), and HRTEM techniques.
The results reveal that HfOy transforms from monoclinic sym-
metry to a low-temperature phase c-HfO; 7 (LTP ¢-HfO, ;) as
x decreases, which is maintained until x = 0.7. Subsequently,
the structure becomes h-HfOg ;. The LTP ¢-HfO, 7 phase is
described as an oxygen defect-stabilized cubic phase, but it
is shown that this phase has a slight distortion from the ideal
cubic structure. The experimentally observed phase-transition
procedure during the reduction of hafnia is consistent with

our theoretical results. Moreover, the structure of LTP ¢-HfOy
fits our definition of the fcc Hf-lattice, and its topology is
similar to y-HfO4 when the distortion from a cubic structure
is considered [comparing Figs. 7(g) and 8 in Ref. [47]]. More-
over, our calculated electronic structures for various HfO,
phases show that the resistance of HfO; may vary continu-
ously with the oxygen content, enabling the possible analog
memristor. Kaiser and co-workers measured the thin-film re-
sistivity of HfO4 with various oxygen contents [47]. It follows
that HfOy is an insulator for x > 1.7, and the resistivity de-
creases continuously from ~ 107 Qm to ~ 7.3 x 107° Qm
as x varies from 1.7 to 0.7. This supports the argument of this
work on the possible analog working mode of hafnia-based
memristor.

On the other hand, Zhang et al. studied the evolution of
CFs in hafnia memristors [34], showing that the rupture of
h-HfO4 CFs renders the binary RS of the device, and the
ruptured part of the partial CF is m-HfOy. This evidence
supports the scenario of the binary RS in hafnia as presented
in this work. In addition, Zhang and co-workers identified
the CF as in a core-shell structure, where h-HfcO conductive
channels are surrounded by m-HfO, (or sometimes 7-HfO,)
under TEM observation. The horizontal dimension of 4-Hf O
is typically ~10 nm. Theoretically, the cohesive tendency of
Vo’s indeed prefers the h-Hf¢O CF composition, as long as
the SET/RESET voltages are not so constrained. This could
explain the usually discovered binary RS characteristics in
undoped hafnia.

When the SET and RESET operations are constrained,
it is possible to achieve continuous conductance modula-
tion in hafnia, but there are still two obstacles. On the
one hand, the low and somehow isotropic migration bar-
rier of Vo adds to the instability of the resistance levels
of the HRS. On the other hand, the strong accumula-
tion tendency of Vg and Vg chains [40] facilitates the
formation of h-Hf¢O CFs, promoting the binary switch-
ing mode. Element doping is, however, a convenient and
effective means to adjust the Vo migration kinetics in
hafnia. In experimental research, dopants such as Al, Gd, Ni,
and Zr are utilized to enhance the Vo migration barrier, lead-
ing to better uniformity and multilevel RS in hafnia [38,69—
71]. These studies could verify the theoretical principles to
some extent. Nevertheless, there are few works that consider
overcoming the second obstacle, i.e., hindering the accumu-
lation of Vg’s and the formation of the hexagonal structures.
Very recently, we have reported the encouraging role of Mg
doping in improving the resistance level stability in hafnia
memristors [63]. Here we review the impact of Mg doping
in terms of the migration barrier and V¢ aggregation controls.

It is known that Mg tends to occupy interstitial locations
in hafnia [72], where the favorite location is indicated by the
orange atoms in Fig. 17. Our focus is the Vg’s surrounding an
Mg dopant. Their migration barriers in several directions, as
illustrated in Fig. 17, are summarized in Fig. 18. Compared
with undoped hafnia, the migration barriers of Vg and
V%;” near the Mg dopant have both increased dramatically,
reaching 2.24-2.69 eV (Vp) and 1.82-2.80 eV (V(2)+),
respectively. This would improve the resistance level stability
in hafnia, explaining the robust multilevel RS phenomena
observed in Mg:HfO; memristors [63]. On the other hand,
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V%;“ surrounding Mg tends to migrate along Path-b2 (1.82 eV
barrier), but all other paths present barriers no less than
2.16 eV. Consequently, Mg doping introduces some
anisotropy in Vg diffusion/migration, favoring the CFs
along the direction of Path-b2. In other words, the horizontal
migration from or into the CFs becomes relatively more
difficult. To a certain extent, such anisotropic migration
tends to hinder the merging of small CFs into a strong CF,
delaying the possible phase transition into 4-HfsO. These two
features are helpful for the memristor to work in the gradual
conductance modulation mode, or analog mode. Similar
theoretical analysis may also be used for other element
doping in hafnia-based memristors.
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FIG. 18. Migration barriers of V¢ and V5" near an Mg dopant in
different directions for Mg-doped hafnia memristor.

IV. CONCLUSION

We have explored the rule of structural evolution in HfO,-
based memristors under the condition of memristor operation
modes. The possibility of continuous and gradual conductance
modulation is discussed for the sake of neuromorphic applica-
tions. The following conclusions can be drawn:

(i) HfOy undergoes a transition from the monoclinic phase
to tetragonal phases, and eventually to hexagonal phases dur-
ing the reduction process in a memristor. The Hf subsystem
remains in an fcc-like structure for 1 < x < 2, and transi-
tions between various suboxide phases in this regime can
be achieved through O vacancy migration. The conductance
modulation is gradual by controlling the density and energy
level of defect states. However, the Hf subsystem tends to
transform into an hcp-like structure for x < 1, and the rupture
and reformation of hexagonal conductive filaments render
abrupt binary switching characteristics.

(ii) The previously predicted P4m2-phase Hf,0j3 is found
to consist of an fcc-like Hf sublattice with half O anions lo-
cated at the rocksalt sites but half O anions at the fluorite sites.
The transition barrier from monoclinic HfO, to P4m2-phase
Hf,03 is high under the memristor operating conditions.
On the other hand, a defective Hf ;O3 phase derived by in-
troducing O vacancies in P4,/nmc-HfO, (i.e., P2/c-Hf,03)
and another predicted /bam-Hf,03 phase are more likely to
emerge in HfOx-memristors.

(iii)) The recently observed [4;/amd-phase is the most
stable structure for the HfO stoichiometry at room temper-
ature, and is similar to a P4,/mmc-HfO phase. Both derive
from P4, /nmc-HfO, through O vacancy introduction, which
is possible in memristor operations. The P62m phase HfO can
be transformed from or to /4, /amd-HfO by the temperature
effect, which sets up a bridge between fcc Hf-lattice and hcp
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Hf-lattice. Nevertheless, such a transition cannot be achieved
through a mild O vacancy migration process in a memristor
environment. Hence, the resistive switching between Hf/Hf O
with hcp Hf-lattice and HfOy (x > 1) with quasi-fcc Hf-lattice
inevitably involves an abrupt transition.

(iv) The difficulty in obtaining gradual and robust conduc-
tance modulation in undoped HfOy lies in the fact that the
migration of O vacancies in monoclinic or tetragonal HfOy
structures is both fast and nearly isotropic, which facilitates
the merging of O vacancies and O vacancy chains into strong
filaments. Our calculation shows that strong filaments tend to

become hexagonal due to a phase transition at around x = 1,
leading to typical binary switching characteristics. The effect
of Mg doping is to introduce a certain degree of anisotropy
in O vacancy diffusion/migration, which hinders the forma-
tion of hexagonal filaments, and thus stabilizes the mode of
gradual conductance modulation.
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