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Abstract
Tetragonal semi-metallic phases are predictedifioO3; andZr,O3 using density functional theory. The
structures belong to space groifgm?2 and are more stable than their corundum counterparts. Madhy b
corrections at first order confirm their semi-metallic cletga The carrier concentrations are very similar
for both materials, and are estimatedla® x 10%! cm—2 for both electrons and holes, allowing for electric
conduction. This could serve as a basic explanation fordaherésistance state of hafnia-based resistive

random access memory (RRAM).



Hafnia (HfO,) and zirconia ZrO,) are found in a number of important technological
applicationst 2 In particular, hafnia has become a key component in subemieter silicon MOS
technology as the present choice of high permittivity ditde layer? In addition, it is also a
promising candidate material for resistive random accemsmony (RRAM), which is one of the
leading technologies for the next-generation non-vaatiemory*’ The core element of RRAM
is a metal/insulator/metal capacitor which is subject tekattroforming process, where a high
electric field (some MV/cm) is applied across the capacdareate conduction paths in the insu-
lating thin film, here named filaments. These filaments arenehawn composition or shape, and
can be easily disturbed under electrical stress, leadiagnemory effect. Knowing the composi-
tion of the filaments is crucial to the understanding of RRAMhysics. Previous work 6hiO,
RRAM reveals that the conductive filament is possibly du@'tg),,_; Magnéli phases, where
the value ofn is mostly 4 or 52 For hafnia RRAM, the structure of the conductive filaments ha
not been reported, though it is widely accepted that the &l@are associated with an oxygen-
deficient phasé.1? Since the impact of electroforming is expected to occur ialsand random
patches of the capacitor, experimental investigation efithments suffers from great difficulty.

In this paper we employ first-principles density functiotieory'* (DFT) calculations to iden-
tify metallic O-poor stable compositions of hafnium anccaimium oxides, which may be reach-
able from room temperature normal pressure monochifi{@r)O, [m-Hf(Zr)O,] with the assis-
tance of an external source of energy, possibly an applexdréd field. While the processing and
operation of oxide-based RRAM stimulated our search of algotive phase in these materials,
our predictions are quite general and should have broadgications in materials and device
physics.

For our DFT calculations we employed the plane-wave basedndAb initio Simulation
Package (VASP¥ with projector augmented-wave (PAW) pseudopotentiateluding Hf 5p, 5d
and6s (Zr 4s, 4p, 4d andbs) electrons and Qs and2p electrons in the valence. Generalized
gradient approximation (GGA) was used for the exchangeestairon energy, within the Perdew-
Burke-Ernzerhof (PBE) functionaf. The plane wave energy cutoff is chosen as 500 eV which
converges for all the involved compounds, and sufficiengigse Monkhorst-Paékor I'-centered
(for h.c.p. structures)-mesh was utilized for sampling the Brillouin zone.

Since DFT/GGA usually underestimates band g&@s)d may even deem a material metallic
rather than semiconductor as the case of bulk germahitionthe metal candidates we calculated

the first order energy shifts withW approximatio (G, W) using the ABINIT® 20 program.



Hf (Zr) semi-core electrons were explicitly included thgbuthe 5525p°5d%6s? (4s24p54d>5s?)
configuration while core electrons were replaced by TreuMartins pseudopotentiat$.Con-
vergence was achieved with 360 bands and a 15 Ha cutoff fow#éwe functions employed in
the evaluation of the dielectric function and thdunction. A plasmon-pole approximati&iwas
used.

The m-Hf(Zr)O. unit cells were fully relaxed until all Hellmann-Feynmarnrdes were less
than 0.01eVA and all stresses were less than 400 MPa. The relaxd#f(Zr)O, unit cell pa-
rameters are a=5.146 (5.2389)b/a=1.010 (1.012), c/a=1.036 (1.036) afid= 99.68° (99.68°),
close to experimental valu@éa=5.117 (5.1514, b/a=1.011 (1.010), c/a=1.034 (1.032) ahd-
99.22°(99.20°). The formation enthalpy af:-Hf(Zr)O, calculated with respect th.c.p. Hf (Zr)
and an isolated, molecule is -1166 (-1106) kJ/mol, after adopting (througihthis paper) the
1.36 eV energy correction for tH@, molecule provided by Wanet al.>* These results are in ac-
cordance with the experimental values, which are -1145&fan hafnia and -1101 kJ/mol for
zirconia?®

We look for a conductive state im-Hf(Zr)O, by increasing the concentration of oxygen va-
cancies in the materials. To serve as reference we firstlagdclthe formation energies of single
and double oxygen vacancies in a 96-atorrHf(Zr)O, supercell £ x 2 x 2). Only the neu-
tral oxygen vacancy was considered since our ultimate gaah ienergetically favorable metallic
phase, where charged point defects are not stable. Thete@meequivalent O sites regarding O

coordination, namely the 3- and 4-coordinated O(A) and Gfi)s, respectively. The formation
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FIG. 1: Unit cell used for calculations of the formation emenf oxygen vacancies iNeO, (Me =Hf or

Zr) with all metal and oxygen sites identified. The ten ingglént pairs of oxygen sites are also listed.



energy of a neutral oxygen vacancy is defined as
Etor = Ep — Eoy + 1o (1)

where Ep, is the energy of the defective supercdll; is the energy of the defect-free supercell
and uo is the chemical potential of oxygen. Under oxygen-rich d¢bond 1o is usually set as
one half of that of arh, molecule. In this case the calculatég, for a neutral O(A) vacancy in
m-Hf(Zr)O, is 7.13 (6.62) eV, while for a neutral O(B) vacancy it is 7.6(Q3) eV. The difference
between the two formation energies, 0.13(0.09) eV, is sinid Zhenget al.?® but larger than
Fosteret al. who reported a 0.02 eV difference in both ca¥e€ Next we calculated the formation
energies of di-oxygen-vacancy pairsrinHf(Zr)O,. To this end, the eight oxygen sites in a unit
cell were named A1-A4 and B1-B4, as shown in Fig. 1. The digtdoetween two di-oxygen-
vacancy pairs is around 2 casting them as isolated pairs. SineeHf(Zr)O, possesses the
baddeleyite structure with space grallp, /c, there are ten inequivalent di-oxygen-vacancy pairs.
The most energetically favorable pair is (B1, B2), whosetfation energy per vacancy is the same
as of a single O(B) vacancy.

Under usual experimental conditions the dielectric is pthbetween two metal electrodes
where oxygen can migrate as an interstitial. We thus caledléhe incorporation energies of
oxygen in bulkh.c.p. Ti and f.c.c. Pt, two commonly used electrodes. The results are -6.24 eV
and 0.91eV, respectively. In Tab. | we compare the formatinargies of isolated single and
double oxygen vacancies in-Hf(Zr)O, resulting in the release @, or the incorporation of O
interstitial in the two metals. Notice that the formatioreegy of a neutral O(B) vacancy im-
Hf(Zr)O, plus an oxygen interstitial ih.c.p. Tiis merely 0.76 (0.29) eV, which is attributed to the
strong Ti—O bonding.

Next, O-deficientHf(Zr)O, with different stoichiometries were studied in the seamhthe
dielectric-metal transition. We began with thié(Zr),O; models generated by introducing one
oxygen vacancy per 12-atom-Hf(Zr)O, for two inequivalent casege., O(A) and O(B). The de-
fective unit cells were fully relaxed until all Hellmannyranan forces were less than 0.01 Av/
Atomic coordinates, cell dimensions and shape were sutgeetaxation. The formation energies
per vacancy of the twdlf(Zr),O; phases are almost the same as in the single oxygen vacancy
cases. The resulting densities of states (DOS) are showig#& Eb) and 2(c). The calculated
band gaps are similar ta-Hf(Zr)O, [Fig. 2(a)], around 4.0 (3.5) eV compared with experimen-
tal values 5.8 (5.4) e¥® 3° Since the band gap is underestimated by DFT/GGA, a more aecur
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calculation employing many-body techniques can only gi§fir),O, even farther from a metal.
Moreover, Figs. 2(b) and 2(c) show that a fully occupied defeduced band emerges in the band
gap which cannot account for the measured metallic statafmdbased RRAM where the resis-
tance is on the order of hundreds of Ohms for 10 nm thick fittgowever, the trend does hint at

a possible dielectric-to-metal phase transition for gjesroff-stoichiometric hafnia or zirconia.

Chemical Vacancy Supercell Formation energy (eV/vacancy)
formula site(s) units with oxygen going to
Os9 Ti Pt

Single oxygen vacancy

Me32O0g3 O(A) 2x2x2  7.13(6.62)  0.89(0.38) 8.04(7.53)
Mes2O0g3 O(B) 2x2x2  7.00(6.53)  0.76(0.29) 7.91(7.44)

Closest di-oxygen-vacancy

Mes32 062 (B1, B2) 2x2x2 7.01(6.52)  0.77(0.28) 7.92(7.43)

Mes2062 (B2, B3) 2x2x2 7.02(6.60)  0.78(0.36) 7.93(7.51)

Mes2062 (A1, Bl) 2x2x2 7.03(6.53)  0.79(0.29) 7.94(7.44)
Me,O7

MesO7;  O(A) 1x1x1  7.16(6.66)  0.92(0.42) 8.07(7.57)
MesO7; O(B) 1x1x1  7.03(6.57)  0.79(0.33) 7.94(7.48)
M6203

MesOg (B1,B2) 1x1x1  6.55(5.66) 0.31(-0.58) 7.46(6.57)
Me,Og (AL, B1l) 1x1x1  6.92(6.40) 0.68(0.16) 7.83(7.31)
Me,Og (B2,B3) 1x1x1  6.95(6.33)  0.71(0.09) 7.86(7.24)

TABLE I. Formation energies of isolated single oxygen vawes and di-oxygen-vacancy pairs, and of
substoichiometridif(Zr),O; and Hf(Zr),O3 in different structures derived from monoclini€fO, and

ZrO,. Me stands for Hf (Zr).

a c Hf, O(A), Bulk modulus

Hf,03 3.135A 5.646A 0.2553 0.1351 246 GPa
Zr203 3.174A 5.763A 0.2525 0.1367 228 GPa

TABLE II: Calculated structural parameters of tetragoH&l O3 andZr;Os.
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FIG. 2: Density of states for (ap-Hf(Zr)O-; (b) Hf(Zr),O7 with one O(A) vacancy; (cHf(Zr),O7 with
one O(B) vacancy. Black curves are for Zr-based compounds véd curves are for Hf-based compounds.
All figures are aligned horizontally with respect to the2® band (not shown). The highest occupied

molecular orbital levels are indicated by vertical daslieed.

Hence, severalf(Zr),O; models were set up with two oxygen vacancies per 12-atem
Hf(Zr)O5 unit cell. For all inequivalent cases (Fig. 1) the cells ramm@onoclinic during re-
laxation of the unit cell vectors, except for the (B1, B2)easgich suffers from a monoclinic-to-
tetragonal transition. The tetrago#i(Zr),O; [t-Hf(Zr), O3] phase (Fig. 3; structural parameters
in Tab. 1) is the ground state of all téff(Zr),O3 candidates. It belongs to tli&,, point group and
P4m?2 (No. 115) space grodp Symmetry analysis indicates that Hf (Zr) and 2/3 of the @tyg
sites [named O(A)] are at th&y position while 1/3 of the oxygen sites [named O(B)] are atlthe
positior**. The Hf (Zr) coordination number is 7 as in-Hf(Zr)O,, while O(A) and O(B) have
coordination numbers 5 and 4, respectively. The averaggr)HD(A) and Hf(Zr)—O(B) bond
lengths are 2.295 (2.32é)and 2.089 (2.134/;, respectively, compared with 2.084 (2.1157)1nd
2.209 (2.240)3\ in m-Hf(Zr)O,. Bader analysis reveals less charge transfer from Hf (Z€) to
t-Hf(Zr),05 than inm-Hf(Zr)O,. The Hf(Zr) charge changes from 2.73e (2.57e)#H{(Zr) O,
to 2.10e (2.02e) im-Hf(Zr),03; the O(A) charge changes from -1.34e (-1.25e) to -1.3984€);
and the O(B) charge changes from -1.39e (-1.31e) to -1.41%7e).

Figure 4 shows the band diagram and orbital-projected DQSH$0O3. Results fort-Zr, O3

(not shown) are similar. The high symmetry points in the IBain zone are named according
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FIG. 3: TetragonaHf,03 andZr,05.32 (a) Primitive cell with 5 atoms; (b) view alongraxis (upper) and

c-axis (lower); (c) Fermi surface dfif,03 at T=0K; (d) simulated powder X-ray diffraction patterns of
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FIG. 4: TetragonaHf,O3 electronic band structure (left) and orbital projected D@ght). DFT/GGA
(solid lines) andzo Wy, (discrete marks) band structures are superimposed amedlly their Fermi levels.

Results for tetragon&ir,O3 (not shown) are similar.



to the Bilbao crystallographic serv& A semi-metallic behavior is revealed in the overlap of
the partially occupied valence band top and conduction tbatitdm located at the different high
symmetry points R and Z, respectively. Both band edges astiyraerived from HHd states. The
semi-metallic character of the two compounds was confirnyed )V, calculations of the many-
body correction to the DFT/GGA energy levels. As shown in. Bigthe energy shifts are small,
of the order of a few tenths of eV. From the calculated bandsires the densities of conduction
electrons and holes can be obtained by integrating theupaton of the blue and orange bands
shown in Fig. 4, respectively. The electron and hole desssitire both .8 x 10%' cm—3, below
1022 cm~2 which sets the upper limit for semi-metals, but substdgtiatger than common semi-
metals such as Bi, Sb and As, with carrier concentratibns 10" cm =3, 5 x 10 cm= and

2 x 10?° cm—3, respectively® The same concentration of electrons and holes indicatesd: ba
to-band transfer mechanism, pointing to a typical compelssemi-metal. The Fermi surface of
t-Hf,O3 is plotted in Fig. 3(c), showing conduction electrons néarZ andl’ points, as well as
holes near the R point.

To evaluate the relative stability of this structure, wecoddted the molar formation enthalpy
of variousHf,0O3, Zr,O3 and Ti;O3; models with respect to their corresponding metals @nd
The formation enthalpy af Hf(Zr), O3 is -1700 (-1666) kJ/mol, more favorable than fully relaxed
corundumHi(Zr),03, -1586 (-1580) kJ/mol. The chemical transformation frodif(Zr),O5 to

m-Hf(Zr)O, can be written as
1
Hf,05 + 502 = 2HfO, +632kJ (2)

and
1
ZI‘QOg + 502 = 2 ZI"OQ + 546 kJ y (3)

respectively. On the other hand, the formation enthalpyudy frelaxedTi,O3 arranged in the
P4m?2 tetragonal structure is -1576 kJ/mol, less favorable tremrdumTi,O3; whose forma-
tion enthalpy is -1598 kJ/mol. These results indicate tHziteanthe tetragonalP4m?2 structure is
preferred over corundum faif(Zr), 03, the opposite is true foFi,Os.

To our best knowledge, the proposktif,O; andt-Zr,O5 structures have not been reported
before, though some experimental data may suggest theteexie. Hildebrandit al 3 performed
high-resolution transmission electron microscopy of ademting HfO,_, thin film where the
enlarged inverse Fourier-transformed images show a gistilacture as in Fig. 3(b). Manomst
al.®” discovered two unidentified X-ray diffraction (XRD) peakis2d = 40° and20 = 52° in
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hafnia films grown by ion beam assisted deposition at a t@msptio of 5 and an ion energy
of 20keV. They attributed these peaks to a new tetragonattsire and suggested thi&,0;
stoichiometry. However, they simulated their data witRg/mmm phase with lattice parameters
a=5.0558 and c=5.111, resulting in two small peaks arourdd°. We calculated powder XRD
patterng® for t-Hf,O4 [Fig. 3(d)] using CuK « radiation ( = 1.5418 ,&), and found a (110) peak
at40.7° and a (112) peak &t.5°, close to data. A similar calculation fe1Zr,O3 yielded a (110)
peak at10.2° and a (112) peak atl.6c°.

In conclusion, we have predicted tetragonal semi-metalligO; and Zr,O5 structures as
the ground state of highly oxygen deficient hafnia and zilevhich undergo a monoclinic-to-
tetragonal phase transition. Their semi-metallic prapsrare characterized by an overlap of the
valence band maximum and conduction band minimum at diftgweints of the Brillouin zone,
and by low densities of conduction electrons and holes. Tasgmce of-Hf;O3 in O-deficient
electroformedfO, is a possible explanation to the conductive state of hafrvased RRAM.
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