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Grain boundary composition and conduction in HfO,: An ab initio study
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We investigate the electronic properties of HfO, grain boundaries employing a simple X5 (310)/[001]
grain boundary model based on the cubic phase. Our calculations show the emergence of unoccupied
defect states 0.4 eV below the conduction band due to the under-coordination of certain Hf ions in the
grain boundary. They also show that migration of metal interstitials such as Hf and Ti to the grain
boundary is energetically favorable, turning the grain boundary region metallic. This scenario may
create leakage paths in poly-crystalline HfO, or serve as the conduction mechanism in resistive
random access memories. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807666]

In microelectronics HfO; is the gate dielectric basic in-
gredient in state-of-the-art CMOS." It is also a promising
candidate material for resistive random access memories
(RRAMs).% In both applications, unlike the corresponding
Si0;,-based dielectrics, HfO, may become partly or entirely
crystallized after the required thermal treatment.> The poly-
crystalline nature of HfO, thin films brings about additional
challenges associated with the grain boundary (GB). While
in MOS applications certain doping schemes can be
employed to keep HfO, amorphous,” poly-crystalline thin
films are sometimes believed to be beneficial to RRAM
applications. This is because soft breakdown may take place
more easily along GBs than in the monoclinic HfO,
(m-HfO,) grains, due to either defect segregation or the ther-
mal grooving effect,” lowering the operation voltages.®

While it is generally accepted that the GB region is a
preferred leakage path in poly-HfO,,” relatively few studies
have been published where the conduction mechanism of an
HfO, GB is investigated. McKenna et al.*'' employed ab
initio calculations to estimate the formation energies and
electronic structures of various m-HfO, GB models and con-
cluded that the (101) twin boundary possesses the lowest
formation energy. This GB is shown to be a possible percola-
tion path for electron tunneling due to oxygen vacancy segre-
gation.® Bersuker ef al. calculated its density of states (DOS)
considering a high concentration of oxygen vacancies, and
showed a conductive sub-band within the original band
gap.!!

The study of GBs in zirconia, an isomorph of hafnia, has
been focused on the cubic fluorite phase Y-stabilized zirco-
nia (YSZ), which finds an important application as the elec-
trolyte in fuel cells.'” Previous works on YSZ GBs'*'*
explored some low-Z coincidence site lattice’® (CSL) tilt
GBs (such as the X5 36.87° (310)/[001] GB), as well as
some minor modifications of them.

Inspired by these studies, we have investigated defects
in the CSL model of cubic fluorite HfO, and linked our
results to possible conductive paths through GBs. Even
though in HfO, the cubic phase at normal pressure is stable
only at high temperature for bulk, in thin films it does
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emerge in some occasions.'® However, the main benefit of
such a simple model lies in the ease to clarify the most sig-
nificant rules and phenomena. We expect that our findings
are general enough to be relevant in experimental conditions.
In this study, we employed first principles density func-
tional theory'”'® (DFT) as implemented in the plane-wave
based Vienna Ab initio Simulation Packagew’20 (vasp). We
adopted projector augmented-wave pseudopotentials®'*?
including Hf 5p, 5d, and 6s electrons and O 2s and 2p elec-
trons in the valence. The generalized gradient approximation
(GGA) was used for the exchange-correlation energy within
the Perdew-Burke-Ernzerhof functional. > A plane wave
cut-off energy of 500eV yields well-converged values.
Sufficiently dense I'-centered Monkhorst-Pack** k-meshes
were utilized for sampling the Brillouin zone. The lattice
constant of cubic HfO, was relaxed to 5.075 A, which fits
well the experimental value 5.08 A% The GB supercell was
constructed by combining two grains with a tilt angle
2atan(1/3) = 36.87° (see Fig. 1), where two boundaries of
opposite directions occur alternately along the b direction
(located at y=0 and y = 0.5, respectively) in order to satisfy
the periodic boundary conditions. The degree of site match-
ing is characterized by X, where a low value indicates a high
coincidence. In cubic systems, X is simply evaluated as®

T=0x (P +k+P), (1)

where (h, k,[) is the direction of the boundary in the coordi-
nate system of one of the grains: 6 = 1 if (h> +k*> + ) is
odd and 6 = 1/2 if (h* + k> + I) is even. In the CSL model
h=3,k=1, and /=0, thus £ = 5, indicating high symmetry
and possibly low formation energy. The dimension of the
supercell was fixed to 8.024 A x 48.146 A x 5.075 A, which
is the calculated size of the perfect GB geometry. The atomic
coordinates were relaxed until all Hellmann-Feynman forces
were less than 0.04eV/A. A similar model proposed by
Kingery27 (Fig. 1) was also constructed by removing one
HfO, chemical unit per GB in the supercell. The total num-
ber of atoms per supercell is 180 and 174 for the CSL and
the Kingery models, respectively.

© 2013 AIP Publishing LLC
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FIG. 1. (Left) Atomistic representation of the CSL grain boundary in cubic
HfO,, with atomic coordinates optimized and particular sites numbered.
Big, green balls stand for hafnium while small, red balls stand for oxygen.
The shaded square indicates the grain boundary region. (Right) Schematic
non-optimized geometry of the X5 36.87° (310)/[001] CSL and Kingery
grain boundary models. z =0 is the topmost plane of atoms in the unit cell.

The formation enthalpy of a GB per unit area can be
defined as the energy required to transform the same moles
of single crystal material into poly-crystalline material. We
have calculated the formation enthalpies for the CSL and
Kingery models and found 2.92 J/m? and 3.14 J/m?, respec-
tively. Because the formation enthalpy of the CSL model is
lower, we chose it as the focus of this paper. The DOS of the
CSL model is shown in Fig. 2, where additional states
emerge in the forbidden band near the band edges of bulk
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FIG. 2. Total DOS and site-projected partial DOS for the CSL grain bound-
ary model. The DOS for single crystal cubic HfO, is shown for comparison.
The highest occupied molecular orbitals (HOMOs) are indicated by vertical
lines. Atom numbers follow the convention introduced in Fig. 1.
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cubic hafnia. To identify the origin of these states, we plotted
the site-projected DOS. As shown in Fig. 2, the GB states
close to the conduction band (CB) originate from Hf atom #2
(see numbering convention in Fig. 1), which lies close to the
center of the GB, lacking oxygen coordination. The energy
gap between the 5d-like GB band and the CB is 0.4¢eV.
Similarly, the GB states close to the valence band (VB) stem
from the O atoms #6 and #7 located in the GB in the Hf-poor
environment. While the global stoichiometry of the CSL
model is HfO,, its tilt angle results in insufficient bonding
for certain cations and anions in the GB region, leading to
the extra band gap states. Our results are qualitatively con-
sistent with the experimental data of Nguyen et al. who
observed unoccupied defect states 0.2-0.3 eV below the CB
in poly-crystalline hafnia.*®

Seven variations of the CSL model are shown in Fig. 3
with their atomic coordinates optimized. They comprise
three stoichiometric models, namely the CSL and the
Kingery models, plus our new “compact” model (186 atoms,
formation enthalpy 3.50 J/m?) obtained through the addition
of one HfO, chemical unit per GB in the CSL supercell
(Figs. 3(a)-3(c)). There are also three defective non-
stoichiometric intrinsic models (Figs. 3(d)-3(f)), and two de-
fective stoichiometric extrinsic models (Figs. 3(g) and 3(h)).
The defective intrinsic models (d)—(f) involve only atomic
species present in hafnia, namely, Hf and O. With all defects
placed in each GB, these defects are one or two O vacancies
(Fig. 3(d)), one O interstitial (Fig. 3(e)), and one Hf intersti-
tial (Fig. 3(f)). The defective extrinsic models contain atomic
species not present in native hafnia, but common in metal
electrodes from where they are believed to migrate to the
dielectric. They are a Ti interstitial (Fig. 3(g)) representing
reactive electrodes, and a Pt interstitial (Fig. 3(h)) represent-
ing inert electrodes. Both metal interstitials are located in the
GB, with the concentration of one metal atom per GB.

The formation energy of a neutral defect X is defined as

Etor = Ep — EOi,uX> (2)

where Ep is the energy of the defective supercell, Ey is the
energy of the defect-free supercell, and puyx is the chemical
potential of species X. The plus sign is for X vacancies while
the minus sign is for X interstitials. We chose p as half the
chemical potential of an oxygen molecule, and pyy, fir;, and
Up, as the chemical potential of hep Hf, hep Ti, and fcc Pt,
respectively. The formation energy of an oxygen vacancy in
the GB region of the CSL model is 4.69 eV, more than 2eV
lower than in bulk (6.75 eV).?? If the oxygen chemical poten-
tial is chosen as that of an oxygen interstitial in hcp Ti, this
formation energy is further minimized to —1.55eV,*° which
implies that oxygen vacancies may favorably emerge in the
GB region when a reactive metal such as Ti is attached to
the oxide. The formation energy of an oxygen interstitial in
the GB region of the CSL model is slightly lower than in
bulk (0.70eV compared with 1.05eV). For the metals con-
sidered, their incorporation energies in the CSL GB are
—0.18¢eV, —0.61¢eV, and 3.64 eV for Hf, Ti, and Pt, respec-
tively. The incorporation energies of Hf and Ti are consider-
ably lower than in bulk cubic HfO,, i.e., 4.03eV and
2.40eV, respectively, indicating that the accumulation of
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these species in the GB is favored with respect to the grains.
Moreover, the negative formation energy for Ti reveals that
its migration from the metal electrodes to the GB is energeti-
cally favorable.

Figures 4(a)-4(c) show that the DOS of the CSL,
Kingery, and compact models retain the basic features of the
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FIG. 4. DOS for the models shown in Fig. 3. In (d), the band marked by #1
is created by one O vacancy per GB, while two vacancies per GB result in
the two bands marked by #1 and #2. Vertical red lines indicate the Fermi
level [for (f) and (g)] or HOMO (for the rest).
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(d) CSL+2V,

T

FIG. 3. c-direction view of various grain
boundary models with their atomic positions
optimized. Big (small) hollow balls stand for
hafnium (oxygen). In (a) the two arrows
indicate the two O atoms (the lower one is
hidden by the upper one in this perspective)
removed to generate the configuration
shown in (d); in (e) and (f) the circle and the
cross indicate the locations of the O and Hf
interstitials, respectively; in (g) and (h) for-
eign interstitial Ti and Pt atoms, respec-
tively, are represented by solid balls.

DOS of cubic hafnia, but with long tails above the VB and
below the CB edges for the CSL model, mostly a long tail
below the CB for the Kingery model, and short tails above
the VB and below the CB for the compact model. The
Kingery model has more GB states below the CB than the
CSL model due to the presence of more under-bonded Hf
cations, while the compact model shows almost no gap states
because both cations and anions are better saturated in the
GB region. The introduction of one oxygen vacancy in the
GB only leads to a deep fully occupied band (indicated by
#1 in Fig. 4(d)) in the band gap, which does not support me-
tallic conduction through the GB region. To test this idea fur-
ther, we added one more oxygen vacancy per GB. Even
though the formation energy per oxygen vacancy in this case
(5.46eV) is again lower than in bulk, the extra fully occupied
band in the band gap (indicated by #2 in Fig. 4(d)) still falls
short of closing the energy gap (Fig. 4(d)). The introduction
of an oxygen interstitial near atom Hf #2 has the effect of
suppressing some of the gap states near the band edges of the
CSL model, mostly those near the CB edge, as shown in
Fig. 4(e). On the other hand, Figs. 4(f) and 4(g) show that Hf
and Ti interstitials in the GB yield metallic states, while the
Pt interstitial in the GB does not.

The metallic band structure calculated for metal-doped
GB is not evident since the metal ions in the GB environ-
ment form bond to their oxygen neighbors, possibly resulting
in a metal-oxide that in general is not a metal. To shed some
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light on the conductivity induced by Hf or Ti interstitials in
the GB (and the lack of conductivity in the Pt case), we have
estimated the amount of charge exchanged between the
metal cations and the surrounding oxygen anions through
Bader analysis. The calculated charges of the Hf and Ti
interstitials are +2.01e and +1.70e, respectively. In con-
trast, the charge of an Hf cation in bulk cubic HfO, is
+2.72 e, while the charge of a Ti cation in bulk rutile TiO; is
+2.31e. The lower Hf ion charges may stem from its lower
coordination to oxygen in the GB: the Hf ion is 6-fold coor-
dinated in the GB but 8-fold coordinated in bulk.
Differently, the Ti ion is 6-fold coordinated both in the GB
and in bulk. However, the average Ti—O bond length for the
Ti interstitial in the GB (2.04 A) is larger than in bulk rutile
TiO, (1.98 A). Longer bonds are generally associated with
less charge exchange. In both cases, the lower valence of the
metal ions associated with conduction is consistent with the
GB reduction scenario envisaged by Gilmer er al.’
Interestingly, in the recently predicted semi-metallic Hf,03
phase the Bader charge of Hf is +2.10¢,’* close to +2.01 ¢
found in this work for the Hf interstitial in the GB. The
Bader charge of the Pt interstitial in the GB is rather small,
—0.14 e, which reflects the inert characteristic of this atom.
In conclusion, we have shown that a CSL GB model of
cubic HfO, displays states in the band gap originating from
under-coordinated Hf or O ions in the GB region, even if the
material as a whole is stoichiometric. Such under-bonding in
the GB may explain the unoccupied defect states below the
conduction band observed experimentally in poly-crystalline
HfO,.?® In addition, the formation energies for both oxygen
vacancies and metal or oxygen interstitials are lower in the
GB than in bulk cubic HfO,. Moreover, we have found that in
the presence of a Ti electrode it is energetically favorable for
oxygen to migrate from the GB to the electrode, leaving the
GB oxygen-poor. The formation energies of the metal atoms
Hf and Ti considered in this work, placed in interstitial posi-
tions of the GB, are also negative with respect to their metal
phase, favoring their migration from the electrodes or from
metal-rich clusters to the GB. The accumulation of metal
atoms in the GB may render it metallic, offering a conduction
path between the electrodes. Therefore, the GB facilitates
both the formation of oxygen vacancies and the incorporation
of reactive metals in the oxide. Our GB model indicates that
through metal doping the GB becomes metallic, thus offering
a possible explanation for the ON-state of HfO, RRAM.
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