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Abstract
First-principles calculation has become an indispensablemethodology in revealing theworking
principles of nanoscale electronic devices, but ultra-large supercells are usually required inmodeling
the devices with criticalmetal/dielectric interfaces. Traditional density functional theorywithin the
generalized gradient approximation (GGA) suffers from the inaccurate band gap problemwhenmetal
oxides are present, but they serve as the core component in resistive random accessmemory (RRAM),
which is a promising path for novel high speed non-volatilememories. To obtain improved oxide
band gaps, we applied the efficient GGA-1/2method for self-energy correction, whose computational
load is at the same level as standardGGA. In particular, we have investigated the influence of
exchange-correlation functional flavors on theGGA-1/2 band structures, taking four important
binary oxide RRAMmaterials (α-Al2O3, r-TiO2,m-ZrO2 andm-HfO2) as benchmark examples. Five
GGA functionals (PBE, PBEsol, PW91, revPBE andAM05)were considered and their band structures
were compared in detail.We have found that the performance ofGGA-1/2 is comparable to state-of-
the-artGW and generally superior to theHSE06 hybrid functional. Among thefiveGGA functionals,
PBEsol yields the best results in general. In addition, the applicability of a single self-energy potential
for variousGGA-1/2 flavors is discussed. Ourwork provides a guide to theGGAflavor selection,
when applying theGGA-1/2method tometal oxides.

1. Introduction

With the rising of big data [1], cloud computing [2], internet of things [3] andother technologies in recent years, an
exploding amount of information requires storage and analysis, forwhich fast, lowpower consumption, high
density andnon-volatilememories are suitable.However, theNANDFLASHmemory that dominates thepresent
non-volatilememorymarket suffers from intrinsically slowerasing operation, opening anurgent demand for
next-generation non-volatilememories [4, 5]. Resistive randomaccessmemory (RRAM), which achieves data
storage through reversible resistance changes in certaindielectrics, is one of the leading candidates for this purpose.
Reproducible resistive switching phenomena have beenwidely observed inoxides [6–9], chalcogenides [10] and
evenorganicmaterials [11]. Due to their simple device structure (metal/insulator/metal), high compatibility to
standardCMOSflow line and the prospect of 3D integration, certain binary oxides such asAl2O3 [12],HfO2

[13, 14], TiO2 [15, 16], andZrO2 [17]have attractedmore attention. In recent few years,HfO2has been regarded
in someworks [18] as themost promising candidatematerial for commercial application.

Although oxide-based RRAMhas experienced a rapid development formore than a decade, it has not
reached large-scale industrial applications yet. There are still some fundamental issues to be resolved in terms of
the resistive switchingmechanism, reliability, integration schemes, and so forth [15]. For instance, the
mesoscopic physicalmechanisms of switching and the correspondingmodels, withoutwhich a proper device
optimization cannot be achieved, still requiremore in-depth study.Most binarymetal oxides are believed to
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manifest a transition froma high resistance state (HRS) to a low resistance state (LRS) upon the formation of
conductive filaments (CFs) connecting the two electrodes. Yet, at present there are still controversies on the
exact composition and geometry of theCFs [19–22]. Since it is difficult to directly observe and determine
experimentally the exact composition of theCFswithin the dielectricmedia, theoretical approaches can be
particularly helpful.

Among atomistic simulation techniques, ab initio calculations based on density functional theory (DFT) [23]
are highly successful in the prediction of total energies, bond lengths, and vibration frequencies. However, DFT
within local density approximation (LDA) or generalized gradient approximation (GGA) severely
underestimates the band gaps of semiconductors and insulators, which limits its capability of predicting the
band alignment inmetal/semiconductor contacts, a significant task in understanding charge transmission
throughCFs [24]. Various theoretical approaches have been proposed to overcome this shortcoming, thus
providingmore reliable predictions of physical properties that depend on excited states. Hedin’sGW
approximation is considered to be the state-of-the-art, which is still themost accuratemethod for electronic
structure calculation. It calculates the quasiparticle energies in terms of the perturbation theory [25], and is a
beyond-DFT technique. Hybrid functionals [26], which combine standardDFT andHartree–Fock exchange
functionals through amixing parameter, are alsowell-known and robust alternatives, though they sometimes
require an adjustment of themixing parameter. Both hybrid functional andGWmethods demandmuch greater
computational efforts than standardDFT-LDAorDFT-GGA, setting severe limitations to the size of the
simulated systems. Indeed, to simulate realistic RRAMdevices, large supercells with hundreds of atoms are
typically required. For instance, to investigate the atomic structure of a CF through the dielectric, a large cross-
section area is indispensable to avoid undesired interactions between aCF and its periodic images [13].
Therefore, realistic ab initioRRAMdevice calculations require both a high computational speed and relatively
accurate band gaps. Traditionally, one resolves the band gap problem inDFT-LDA/DFT-GGAby employing
LDA+UandGGA+U [27–30], or resorts to hybrid functionals [31].While the adoption of hybrid functional
increases the computational load considerably, LDA+U is almost as fast as conventional LDA.However,
LDA+U is not suitable formany of these RRAMoxides. For example, Al2O3, TiO2, ZrO2 andHfO2 are all
ordinary oxides without strong electron correlation, inwhich case LDA+Udoes notworkwell unless an
additional largeUp correction to oxygen is considered [27], reflecting the fact that the band gap inaccuracy lies
primarily with the oxygen anion rather than themetal cation.

The LDA-1/2method corrects the spurious electron self-interaction term in LDAusing the Slater half-
occupation technique [32]. As the conduction band electron usually occupies Bloch-like states with nearly-null
self-energy, corrections are only carried out to the holes that are typically localized on the anions. Instead of
calculating explicitly the self-energy of the hole, such correction can be achieved by simply introducing a so-
called self-energy potential in real space, which acts as an external potential to the regionwhere the hole resides.
The exact formof self-energy potential for any atom can be derived ab initially from atomic calculations using
DFT,with the desired exchange-correlation (XC)flavor. Such self-energy potential for the anion is then
trimmed to afinite range to avoid overlapping between neighboring anions. Going one step further fromLDA-
1/2, a natural extension is GGA-1/2, whichwas previously shown to bring about improvement over LDA-1/2 in
some cases [33].While LDA tends to underestimate the lattice constants, in the framework ofGGA there are
certainXC functionals like PBEsol [34],Wu-Cohen [35] andAM05 [36] that can predict rather accurate lattice
constants. Hence, GGA-1/2, which corrects the electronic band structure calculatedwithGGA, ought to be a
better computationalmethod for RRAM simulation than LDA-1/2.However, to our best knowledge there is no
theoretical study on the influence ofGGAflavors towards the accuracy ofGGA-1/2 band structures. Hence,
fromboth theoretical and application aspects, it is of great significance to carry out a systematic study on the
GGA-1/2 band structures built upon variousGGAflavors.

In this work, we adopt four relevant binary oxide RRAMmaterials as benchmarks. FiveGGAXCs are
considered and their band structures are compared in detail. Our results offer guidance in properly choosing
GGAflavors to achieve efficient and accurateGGA-1/2 band structure calculations for the four binary oxide
semiconductors, i.e. corundumAl2O3, rutile TiO2,monoclinic ZrO2 andmonoclinicHfO2.Our results can be
readily extended tomore oxides.

2. Computational

2.1. Crystal structures
We studied the room temperature phases of Al2O3, TiO2, ZrO2 andHfO2, namely corundum (α-Al2O3),
rutile-TiO2 (r-TiO2), monoclinic ZrO2 (m-ZrO2) andmonoclinicHfO2 (m-HfO2), shown infigure 1.
Corundumα-Al2O3 crystallizes with trigonal symmetry in the space group R c3 ,where oxygen atoms are
arranged by a slightly distorted hexagonal close packing, inwhich two-thirds of the gaps between the octahedra
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are occupied by aluminum (figure 1(a)) [37]. Rutile TiO2 presents a tetragonal unit cell with the titanium atoms
surrounded by an octahedron of six oxygen atoms. The oxygen coordination number is 3, resulting in a trigonal
planar geometry, as illustrated infigure 1(b) [38]. The ground statemonoclinic phases of ZrO2 andHfO2 are
isomorphic, bothwith the baddeleyite structure (P21/c) as shown infigure 1(c) [39]. Unlike TiO2, which features
six-coordinated Ti in all phases,m-ZrO2 andm-HfO2 consist of seven-coordinated zirconiumor hafnium
centers. This discrepancy is attributed to the larger size of Zr/Hf atoms relative to the Ti atom.

2.2. Computationalmethods
DFTcalculationswere carried out using the plane-wave-basedViennaAb initio SimulationPackage (VASP)
[40, 41], with afixed 500 eVplane-wave kinetic energy cutoff. Five distinctflavors for theGGAXC functionalwere
considered: Perdew–Burke–Ernzerhof (PBE) [42], PBEdeveloped for solids (PBEsol) [34], Perdew-Wang1991
(PW91) [43], the revisedPBE (revPBE) [44] and theArmiento–Mattsson2005 (AM05) [36]. In addition,we
employed theHSE06 screenedhybrid functional [26] (using the PBE-optimized geometries) to calculate theband
structures of all the four crystals for comparison. TheHSE06 functional used in thiswork assumes itsmost
common form, constructed bymixing 25%of the Fock exchangewith 75%of the PBEexchange, and100%
of the PBEcorrelation [26]. Core electronswere approximated byprojector augmented-wavepseudopotentials
[45, 46]. Unless specified otherwise, the electrons considered as valencewere: 3s and 3p forAl; 3s, 3p, 3d and 4s for
Ti; 4s, 4p, 4d and5s forZr; 5p, 5d and6s forHf; 2s and 2p forO. In all self-consistent runs, the total energy
convergence criterionwas set to below10−6 eV,while structural optimizationwas reached forHellmann-Feynman
forces less than 0.01 eV/Å in anydirection.We employed the followingMonkhorst-Pack k-point grids for
Brillouin zone sampling during geometry optimization: 5×5×2Γ-centered forAl2O3, 7×7×11 forTiO2,
7×7×7 forZrO2, and 7×6×6 forHfO2. For total energy calculations the k-point gridswere enlarged to
10×10×4 forAl2O3, 11×11×17 forTiO2, 10×10×10 forZrO2, and 11×9×9 forHfO2 [47].

2.3. GGA-1/2 for improved band structures
GGA-1/2 generalizes to solids the original idea of Slater’s half occupation scheme, whichwas initially designed
for ionization energy calculation in isolated atoms. Its formalism starts from Janak’s formula, which offers an
interpretation of theDFT single particle eigenvalues eα as the variation of the total energyEwith respect to its

Figure 1.Crystal structures of (a)α-Al2O3, (b) r-TiO2, (c) isomorphicm-ZrO2 andm-HfO2.

3

J. Phys. Commun. 2 (2018) 105005 J-HYuan et al



occupation fα

¶
¶

=
a

a a( ) ( )E

f
e f 1

Assuming a linear relation between the eigenvalue and its occupation [48], it is straightforward to show that

- - = -a a( ) ( ) ( ) ( )E E e S0 1 0 2

Equation (2)means that the energy difference between the ground state energy E(0) and the total energy of
the ionE(−1)with one electron removed from stateα, is given by the energy eigenvalue of stateα and a so-called
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indeed has the formof a self-energy, which renders its name. If one regards Sα as the quantummechanical
average of a "self-energy potential"Vs,

ò=a a ( ) ( ) ( )S d rn Vr r 4s
3

it follows thatVs can be obtained as the difference from theDFT-calculated electrostatic potentials between the
neutral atom and the half-ionized ions:

» - - +( ) ( ) ( )/V V r V r1 2, 0, 5s

Asmentioned in section 1, the self-energy potentialmust be trimmed by some functionΘ(r) [32]. To obtain
the rectified band gaps for solid statematerials,Vs is added to the pseudopotentials of the anions and a second
self-consistent run using themodified pseudopotentials is carried out upon the same relaxed geometry. Since the
self-energy potentials serve as external potentials in the solid, the ground state energies given byGGA-1/2 self-
consistent calculations are not physicallymeaningful themselves. Nevertheless, band diagrams and density of
states are properly recovered byGGA-1/2 [32]. Hence, in ourwork all total energies were taken fromGGA
calculations, while the band diagramswere taken either fromGGA (uncorrected) or fromGGA-1/2 (corrected)
calculations.

Since all thematerials under investigation are binarymetal oxides, the self-energy correction ought to be
done only for oxygen anions. The optimal cutoff radius inΘ(r) to trim the correspondingVs (with (1/2)e
subtracted from theO2p orbital [32])was obtained variationally uponmaximizing the band gap [32]. Electronic
structures were obtainedwith this optimal cutoff radius only, and no empirical parameters were involved.

The self-energy potentials with all theseGGAXCflavors (PBE, PBEsol, PW91, revPBE, AM05)were derived
fromatomic calculations using amodifiedATOMcode (suppliedwith the Siesta simulation package [49]).
These self-energy potentials do not depend on the ab initio simulation code, and can be regarded as only specific
to theXCflavor.We have also created aweb-based self-energy correction programwhere pseudopotentials
modified through the inclusion ofGGA-1/2 self-energy potentials for all these XCflavors can be generated
online, at http://www.eedevice.com/dft-half.

3. Results and discussions

3.1. Geometric structures and partial density of states
The optimized lattice parameters for these four crystals are summarized in table 1, which also shows the
corresponding experimental values [50–52]. Due to their intrinsic similarity, PBE and PW91 yield very similar
lattice parameters, while the lattice parameters obtainedwith PBEsol andAM05 also share a similar trend. The
lattice parameters obtainedwith revPBE are always the largest among all considered XC functionals. Compared
with experimental values, PBEsol andAM05 are closest to data, while PBE and PW91 usually predict slightly
larger lattice constants. On the other hand, revPBE yields theworst agreement of all functionals tested.

The partial density of states forα-Al2O3, r-TiO2,m-ZrO2 andm-HfO2 obtainedwithGGA-PBE are shown
infigure 2. In anymaterial the valence bandmaximum (VBM)mainly consists ofO-2p states, which confirms
that the hole is located around oxygen anions and the self-energy correction should indeed be done to
oxygen only.

3.2. Band structure results based on optimized lattice parameters
The band gaps calculatedwith PBE, PBEsol, PW91, revPBE, AM05,HSE06 andGGA-1/2 (including thefive
different XCflavors) for the four compounds are listed in table 2, where fully optimized lattice parameters were
utilized for eachXC. As expected, DFT-GGA severely underestimates the energy gap. All band gaps obtained
with conventional GGA are far below the experimental values by 1.16 eV∼2.67 eV. Among the fourmaterials,
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α-Al2O3 is awide band gap insulator with theVBMand conduction bandminimum (CBM) both located atΓ,
which is consistent with previous results [53, 54]. The largest obtained band gap forα-Al2O3 based onDFT-
GGA is 6.13 eV, using the AM05XC.However, that is still 2.67 eV smaller than the typical experimental value
(8.8 eV) [53], and even smaller than the previousGW results (9.36 eV and 9.78 eV) [55, 56]. After self-energy
correction, theGGA-1/2 band gaps obtainedwith the fiveXC functionals are all above 8 eV (table 2), which is
comparable to theHSE06 values 8.09 eV (calculated previously for a PBEsol-optimized structure using norm-
conserving pseudopotentials [54]) and 7.70 eV (calculated in this work for a PBE-optimized structure).

Table 1.Optimized structural parameters forα-Al2O3, r-TiO2,m-ZrO2 andm-HfO2, calculated
using various XC functionals. Experimental values are shown for comparison.

PBE PBEsol PW91 revPBE AM05 Experimental

α-Al2O3

a(Å) 4.807 4.774 4.804 4.837 4.775 4.759 [50]
c(Å) 13.122 13.013 13.111 13.211 13.020 12.991

r-TiO2

a(Å) 4.644 4.593 4.644 4.687 4.600 4.601 [51]
c(Å) 2.968 2.942 2.968 2.984 2.941 2.968

m-ZrO2

a(Å) 5.187 5.132 5.213 5.227 5.134 5.146 [52]
b(Å) 5.247 5.212 5.279 5.273 5.214 5.208

c(Å) 5.376 5.301 5.395 5.427 5.305 5.315

β angle (°) 99.602 99.596 99.603 99.678 99.658 99.249

m-HfO2

a(Å) 5.138 5.079 5.137 5.180 5.083 5.118 [52]
b(Å) 5.191 5.156 5.190 5.218 5.152 5.186

c(Å) 5.321 5.246 5.320 5.369 5.253 5.284

β angle (°) 99.697 99.664 99.680 99.740 99.759 99.352

Figure 2.Partial density of states for (a)α-Al2O3, (b) r-TiO2, (c)m-ZrO2 and (d)m-HfO2, obtainedwith conventional GGA-PBE.

5

J. Phys. Commun. 2 (2018) 105005 J-HYuan et al



Table 2.CalculatedGGA andGGA-1/2 band gaps (unit: eV) forα-Al2O3, r-TiO2,m-ZrO2 andm-HfO2with various exchange-correlation functionals, based upon optimized lattice parameters. HSE06,GW and experimental values are also
listed for comparison.

PBE PBEsol PW91 revPBE AM05 HSE06 GW Expt.

α-Al2O3

GGA 5.86 6.04 5.93 5.72 6.13 7.70, 9.36 [55], 8.8 [53]
GGA-1/2 8.10 8.25 8.16 8.04 8.38 8.088a [54] 9.78 [56]

r-TiO2

GGA 1.82 1.84 1.78 1.83 1.84 3.32, 3.46(G0W0) [57] 3.0–3.4

GGA-1/2 3.04 3.10 2.97 3.02 3.09 3.39 [57] [58–61]

m-ZrO2

GGA 3.63 3.58 3.48 3.70 3.61 5.20, 4.99(G0W0), 5.0–5.8 [62],
GGA-1/2 5.51 5.45 5.33 5.59 5.50 5.14 [63] 5.34(GW0) [62], 5.42(GW0) [64] 5.4 [65]

m-HfO2

GGA 4.03 3.96 4.01 4.10 3.99 5.56, 6.0 [66], 5.9 [67, 68]
GGA-1/2 6.06 5.96 6.04 6.17 6.02 5.83a [69] 5.45(G0W0), 5.78(GW0) [62], 5.92(G0W0) [69]

a With norm-conserving pseudopotentials
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Although the values are still smaller than the experimental values by about 0.4 eV∼0.8 eV (belowwe show that
α-Al2O3 is themost difficult case among thematerials under investigation), they do show great improvement
over conventional DFT-GGA.Wehave noticed that the band gaps ofα-Al2O3 obtainedwithHSE06 are about
0.7 eV∼1.1 eV smaller than experimental, while theGW band gaps are 0.6 eV∼1.0 eV larger than
experimental. OurGGA-1/2 band gaps fall betweenHSE06 andGW results.

For r-TiO2, all the calculated band structures exhibit a direct band gapwith theVBMandCBMboth located
atΓ, consistent with previous experimental and theoretical results [57–61]. Comparedwith experimental band
gap values [58–61], theGGAband gaps differ by about 1.16 eV∼1.56 eV (table 2). Yet, theGGA-1/2 band gaps
are quite satisfactory, agreeingwell with experimental values by showingmerely−0.1 eV to 0.4 eVmismatches.
In addition, ourGGA-1/2 results are also very close to theHSE06 (3.32 eV and 3.39 eV [58]) andGW (3.46 eV)
[58] results.

Regardless of the computationalmethod, bothm-ZrO2 andm-HfO2 are predicted to be indirect band gap
semiconductors with theVBMandCBM located atΓ andB, respectively. In general, the calculatedGGAband
gaps are lower than typical experimental values by about 1.30 eV∼2.32 eV (form-ZrO2) and 1.80 eV∼1.94 eV
(form-HfO2). After self-energy correction, theGGA-1/2 band gaps differ from the experimental value by
merely−0.59 eV∼0.47 eV form-ZrO2 and−0.27 eV∼−0.06 eV form-HfO2, respectively. Regarding higher
order calculations, theHSE06 band gap form-ZrO2 (5.20 eV in this work and 5.14 eV from [63]) is lower than
ourGGA-1/2 results as well as the available experimental values.Moreover, ourGGA-1/2 results are
comparable to that fromGW0 (5.34 eV [62] and 5.42 eV [64]) and larger than that ofG0W0 (4.99 eV) calculations
[62]. Comparing the fiveXCflavors, PBEsol yields the best band gap that differs from experimental by less than
0.05 eV (adopting the experimental value of 5.4 eV [65]), followed by PW91 (0.07 eV), AM05 (0.10 eV), PBE
(0.11 eV) and revPBE (0.19 eV).

Form-HfO2, the calculated self-energy corrected band gaps are nearly in linewith the experimental results
(5.9 eV band gap [67, 68]), where the largest difference 0.27 eV comes from the revPBEXC. PBEsol yields the
best agreement (differing by 0.06 eV), as it does form-ZrO2, followed byAM05 (0.12 eV), PW91 (0.14 eV), PBE
(0.16 eV) and revPBE (0.27 eV). In addition, the values obtainedwithHSE06 (5.56 eV and 5.83 eV [69]) are
slightly smaller than experimental. Notice that them-HfO2 band gaps obtainedwithGW range from5.45 eV to
6.0 eV [62, 66, 69], similar to theGGA-1/2 range of values obtainedwith any of thefiveGGA-XC functionals.

Figure 3 shows the best (among all XC functionals)GGA-1/2 band structures for eachmaterial, alongwith
conventional DFT-GGA andHSE06 results. TheGGA-1/2 band structures are in line withDFT-GGA and
HSE06 in terms of themorphology and the intrinsic excitation characteristics (such as the locations of VBMand
CBM). This confirms that for these oxides, the good accuracy ofGGA-1/2 is not limited to the fundamental gap,
but also for the overall band structures, whereGGA-1/2 is comparable with computationally intensivemethods
such as hybrid functionals.

3.3. Band structure results based on experimental lattice parameters
Since eachGGAXC leads to a specific set of optimum lattice parameters, the band diagrams calculated in
section 3.2were not based on a unique unit cell for eachmaterial. To better evaluate the difference among
various XCs, we further calculated the band gaps ofα-Al2O3, r-TiO2,m-ZrO2 andm-HfO2with bothGGA and
GGA-1/2 using their experimental lattice parameters. Yet, to avoid internal forces, the atomic coordinates
within the unit cell were fully relaxed. The calculated band gaps for allfiveXCflavors are listed in table 3, and
figure 4(a) compares those band gaps obtainedwith optimized lattice parameters withfixed experimental lattice
parameters. Among the fiveXCs, the obtained band gap of r-TiO2with experimental lattice parameters is
slightly smaller than that of optimized structure for PBEsol, PW91 andAM05, regardless of usingGGAorGGA-
1/2.On the other hand, the results of PBE (bothGGA andGGA-1/2) and revPBE (onlyGGA-1/2) are slightly
larger than that of optimized structure. In addition, forα-Al2O3 the band gaps aremuch improved by fixing to
experimental lattice constants, especially for the revPBEXCwhoseGGA-1/2 band gap nowonly deviates from
the experimental value by 0.15 eV. It is therefore clear that the original poorGGA-1/2 band gap using
equilibrium lattice constants is strongly related to the over-estimation of lattice constants. For instance, the
equilibrium c-axis lattice constant was predicted to be 13.211 Åusing the revPBEXC,which is 1.7% larger than
the experimental value. Such improvement also implies that using correct lattice constants ismore important
thanminimizing the stress, in order to obtain band gaps close tomeasured values. Finally, we notice that the
lattice constant effect onm-ZrO2 andm-HfO2 is relatively tiny, because the band gaps derived from either
optimized lattice or experimental lattice differ by nomore than 0.1 eV.

It is well-known that AM05 and PBEsol yield themost accurate lattice parameters among commonGGA
XCs. Therefore, it is natural to infer that for these twoXCs theGGA-1/2 band gaps do not varymuchwhen
switching to experimental lattice parameters. However, the quantitative relation is still unclear yet. Hence, we
have also listed explicitly infigure 4(b) the band gap shift [ΔEg=Eg (experimental lattice) -Eg (optimized
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Figure 3. (a)Band diagrams ofα-Al2O3 calculatedwithGGA-AM05,HSE06 andGGA-1/2 (AM05); (b) band diagrams of r-TiO2

calculatedwithGGA-PBEsol, HSE06 andGGA-1/2 (PBEsol); (c) band diagrams ofm-ZrO2 calculatedwithGGA-PBEsol, HSE06 and
GGA-1/2 (PBEsol); (d) band diagrams ofm-HfO2 calculatedwithGGA-PBEsol, HSE06 andGGA-1/2 (PBEsol).
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lattice)] usingGGA-1/2.Notice thatwhile the differences form-ZrO2 andm-HfO2 are slight regardless of the
XCused, forα-Al2O3 and r-TiO2 the differences can be a lotmore pronounced.Moreover, among thefiveGGA
XCs theΔEg values obtainedwith PBEsol have the leastfluctuation in general, slightly better thanAM05 (both
PBEsol andAM05 are considerably better than the other threeGGAXCs).

3.4. Influence of different pseudopotential forms
Pseudopotentials of different forms can have great influence on the calculated electronic structures, especially
for transitionmetals due to the complexity of d electrons. The pseudopotential of Al is sufficiently simple
because only 3 electrons need to be considered as in the valence. On the other hand, for the 4dmetal Zr, the
pseudopotential of the Zr_sv form (including 4s, 4p, 4d and 5s electrons in the valence) is unavoidable inVASP.
There is thus little room to test the influence of pseudopotential forms for Al andZr.Hence, we only considered
differentGGA-PBEsol pseudopotential forms for Ti andHf available with theVASP code, which are Ti(Hf)
(four valence electrons, 4e for short), Ti(Hf)_pv (ten valence electrons, 10e for short), andTi(Hf)_sv (twelve
valence electrons, 12e for short). As shown in table 4, the calculated band gap of r-TiO2 ismuchmore sensitive to
the choice of pseudopotential than that ofm-HfO2. For r-TiO2, at least the Ti_pv (10e) pseudopotential should
be used in order to get accurate results. In addition, all the three pseudopotential forms considered here forHf
are suitable for various calculations. Thus, on account of both computational accuracy and efficiency, in
carrying outGGA-1/2 electronic structure calculations we recommendTi_sv (12e) or at least Ti_pv (10e)
pseudopotentials for r-TiO2, while form-HfO2 all three available pseudopotential forms are suitable.

Table 3.CalculatedGGA andGGA-1/2 band gaps (unit: eV) forα-Al2O3, r-TiO2,m-ZrO2 andm-HfO2with various exchange-correlation
functionals, based upon experimental lattice parameters. HSE06,GW and experimental values are also listed for comparison.

PBE PBEsol PW91 revPBE AM05 HSE06 GW Expt.

α-Al2O3

GGA 6.22 6.13 6.26 6.31 6.23 8.088a [54] 9.36 [55], 8.8 [53]
GGA-1/2 8.46 8.35 8.50 8.65 8.49 9.78 [56]

r-TiO2

GGA 1.83 1.81 1.66 1.78 1.82 3.39 [57] 3.46(G0W0) [57] 3.0–3.4

GGA-1/2 3.09 3.07 2.80 3.12 3.07 [58–61]

m-ZrO2

GGA 3.65 3.59 3.57 3.70 3.63 5.14 [63] 4.99(G0W0), 5.0–5.8 [62],
GGA-1/2 5.53 5.46 5.41 5.61 5.51 5.34(GW0) [62], 5.42(GW0)[64] 5.4 [65]

m-HfO2

GGA 4.08 4.01 4.06 4.13 4.06 5.83a [69] 6.0 [66], 5.9 [67, 68]
GGA-1/2 6.10 6.01 6.08 6.20 6.08 5.45(G0W0), 5.78(GW0) [62], 5.92(G0W0)

[64]

a With norm-conserving pseudopotentials.

Figure 4. (a)Energy band gaps and (b) differences of the band gaps forα-Al2O3, r-TiO2,m-ZrO2 andm-HfO2 calculated byGGA-1/2,
based on either optimized or experimental lattice parameters.
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3.5. Universality of theGGA-1/2 self-energy potentials
In all theGGA-1/2 calculations above, we have derived the self-energy potentials by subtracting the potential of
a charged ionwith (1/2)emissing, from that of a neutral atom. Both neutral and ionized atomic potentials were
calculated ab initially usingDFT-GGA for eachXCflavor. These self-energy potentials in fact do not differmuch
since the subtractionmay eliminatemost of the specific features belonging to each specific XCflavor. To
investigate whether a unique self-energy potential can be used in theGGA-1/2 calculationwith different GGA
XCs, we havemanually listed PBE and PBEsol as the baseline XCs. Thismeans thatwe subsequently carried out
GGA-1/2 calculations with allfiveXCs, but utilizing the set of self-energy potentials only from the baseline XCs.
For all oxides, the corresponding band gap results are shown in table 5. Comparedwith table 2, themaximum
GGA-1/2 band gap variation upon switching to the PBE-derived oxygen self-energy potential, ismerely 0.02 eV
among all XCs and all oxides.When exclusively using PBEsol-derived oxygen self-energy potential, the
maximumband gap variation is enlarged to 0.06 eV,which is still a tiny value.We conclude that for these
materials the self-energy correction is not significantly dependent on theXCflavor, and the PBE self-energy
potentialsmayfit other XCflavors in carrying out GGA-1/2 calculations.

3.6. Influence of the self-energy potential trimming scheme
In theGGA-1/2 calculations, a cutoff functionΘ is employed to trim the self-energy potential:

Q = -
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where p is a power index that should be sufficiently large to ensure a sharp trim, and rcut is the cutoff radius. In
the original work of Ferreira et al the value p=8was chosen to avoid possible convergence issues, but higher
values can also be used. Indeed, we re-calculated the band gaps for the four oxides usingGGA-1/2with p=20,
and encountered no issue related to numerical convergence. Comparedwith p=8, theGGA-1/2 band gaps
with p=20 (listed in table 6) increase by about 0.2 eV (forα-Al2O3) and 0.09 eV∼0.14 eV (for r-TiO2,m-ZrO2

andm-HfO2). Themean differences between the calculated band gap values and the experimental results are
diminished as p increases from8 to 20, indicating that p=20 ismore favorable for these calculations because it
includes the self-energymore accurately. In order to explain this phenomenon, in figure 5we plot the real-space
spatial distribution of the hole (residing at theVBM in k-space) and the electron (residing at theCBM in k-space)
for r-TiO2 as an example. Since the hole and electron overlap, when the p value is low the self-energy potential
reaches the electron density, lowering theCBMaswell as theVBM.On the other hand, as p increases from8 to
20, the self-energy potential acquires a sharper boundary, resulting in less overlapwith the electron distribution,
which yields larger band gaps. In themeantime, we notice a variation of the optimal oxygen self-energy cutoff
radius when using different p values. As plotted infigure 6, the cutoff radii are in general reduced by around
0.2 a.u.∼0.3 a.u. when p is increased from8 to 20. Such phenomenon is common for all thematerials under
investigation.However, as long as p isfixed, the optimal rcut is relatively constant across these oxides, showing
good transferability of the self-energy potentials.

Table 4.Comparison of calculated band gaps (unit: eV) for r-TiO2 and
m-HfO2with different versions of pseudopotentials. TheGGA-1/2
method is used, within the PBEsol functional.

Ti(Hf) (4e) Ti(Hf)_pv (10e) Ti(Hf)_sv (12e)

r-TiO2 2.81 3.05 3.10

m-HfO2 5.88 5.96 5.94

Table 5.CalculatedGGA-1/2 band gaps (unit: eV) forα-Al2O3, r-TiO2,m-ZrO2 and
m-HfO2withfive different exchange-correlation functionals. Here the self-energy
potentials were nevertheless only of PBE/PBEsol flavors.

PBE PBEsol PW91 revPBE AM05

α-Al2O3 8.09/8.11 8.24/8.25 8.15/8.16 8.05/8.07 8.37/8.39

r-TiO2 3.04/3.04 3.09/3.09 3.01/3.02 3.02/3.03 3.08/3.09

m-ZrO2 5.51/5.51 5.44/5.45 5.38/5.39 5.61/5.61 5.49/5.50

m-HfO2 6.06/6.06 5.95/5.96 6.04/6.04 6.18/6.18 6.01/6.01
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3.7.Overall estimation ofGGA-1/2
Infigure 7we compare the accuracy of theGGA-1/2 self-energy correction scheme under various XCflavors
with conventional GGA,HSE06, andGW. Experimental values are used for benchmark. As expected, GGAband
gaps are significantly underestimated compared to experimental values, differing by asmuch as 2.67 eV in the
case ofα-Al2O3 (see figure 7(a)). For thematerials under investigation, theGW band gaps are the largest, except
form-HfO2whereGW andGGA-1/2 are very close. Note that form-HfO2 the calculatedGW band gaps vary
considerably across the literature. For instance, in the case ofm-HfO2 Balá et al reported 5.45 eVband gap [62]
while Jain et al reported 6.0 eV [66].Moreover, forα-Al2O3 theGW band gaps are larger than experimental data
by 0.56 eV∼0.98 eV, while for r-TiO2 andm-ZrO2 the reportedGW band gaps are in good agreementwith
experiments (see figures 7(b)–(d)).

Thehybrid functionalHSE06, depicted as hollow triangles infigure7, clearly shows great improvement over
conventionalGGA, but its bandgaps are generally smaller than those fromGW calculations.On theotherhand, the
GGA-1/2bandgaps are generally better thanHSE06 results, except for r-TiO2.Among thefiveXCflavors, PBEsol
demonstrates the best performance in general, in accordancewithourprevious results discussed inSection3.3.

3.8. GGA-1/2 in the study of RRAMdevices
After demonstrating the advantages of GGA-1/2 and identifying PBEsol as the XCwith the best accuracy, we
here list some possible applications of theGGA-1/2method in investigating some fundamental problems in
RRAM, especially regarding the nature of theCF:

• Prediction of CF composition and structure i
n binary oxide-based RRAMcells. It is commonly agreed that oxygen vacancies (Vo’s) are key toCF formation.
However, for eachmaterial it is far from certainwhat amount ofVo should render CF formationwith the

Table 6.CalculatedGGA-1/2 band gaps (unit: eV) forα-Al2O3, r-TiO2,m-ZrO2 and
m-HfO2with different exchange-correlation functionals, with a power index p=20 in the
self-energy potential trimming function. The differences between band gaps obtainedwith
p=8 and p=20 (ΔEg) are also listed.

PBE PBEsol PW91 revPBE AM05 Expt.

α-Al2O3

p=20 8.30 8.45 8.36 8.25 8.59 8.8 [53]
ΔEg 0.20 0.20 0.20 0.21 0.21

r-TiO2

p=20 3.13 3.18 3.06 3.11 3.18 3.0–3.4

ΔEg 0.09 0.08 0.09 0.09 0.09 [58–61]

m-ZrO2

p=20 5.63 5.57 5.46 5.73 5.62 5.0–5.8 [62]
ΔEg 0.12 0.12 0.13 0.14 0.12 5.4 [64]

m-HfO2

p=20 6.20 6.10 6.18 6.30 6.16 5.9 [67, 68]
ΔEg 0.14 0.14 0.14 0.13 0.14

Figure 5. Spatial locations (yellow semi-transparent contours) for (a) theVB hole and (b) theCB electron in r-TiO2. Big blue balls
represent Ti while small red balls representO.
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Figure 6.Optimal rcut comparison forα-Al2O3, r-TiO2,m-ZrO2 andm-HfO2with different XC flavors, where the power index p is
either 8 or 20.

Figure 7.Energy band gaps forα-Al2O3, r-TiO2,m-ZrO2 andm-HfO2 calculatedwithGGA (solid rhombuses), HSE06 (hollow
triangles),GW (hollow squares), andGGA-1/2 (solid circles). Experimental values (horizontal dashed lines) are shown for
comparison.
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typical resistive switching behaviors found in experiments [70]. On the one hand, in the study of crystalline-
phase sub-oxides [7], their conductive nature in principle ought to be predicted only by higher level
techniques such as hybrid functionals andGW [24], since LDA/GGA incorrectly predicts the band gap, which
tends to produce incorrect I-V characteristics. LDA/GGAcan even predict a semiconductor to be ametal as it
does toGe [71, 72]. On the other hand, to evaluatemore complex structures, such as amorphous phase CF
candidates with variousVo concentrations, or CFs located in grain boundaries [73, 74], hybrid functionals and
GW are computationally too demanding to be used. Aswe have shown,GGA-1/2 can efficiently deal with
bulk crystalline oxides, as well as their amorphous phases or various interfaces.

• Investigation of the horizontal scaling limit of RRAMcells
. The horizontal scaling limitmeans theminimumcapacitor area that can sustain reliable LRS andHRS for a
given RRAM technology. To this end one needs to establish theminimum stable area of a CF, and the
minimumarea of the insulating oxide phase surrounding theCF. The capability ofmaintaining the
conductive state is important for theCF in small area capacitors, while the thermodynamic stability of the CF
is another key factor. Hence, a CF-inside-oxide composite supercell should be studied using ab initio
techniques. Initially we have usedGGA to study the size limit ofHf suboxides insideHfO2, even though the
band gapwas inaccurate [13]. Recently we have also investigated the area limit ofHfCFs insideHfO2, where
GGA-1/2was implemented such that the band gap ofHfO2was correctly recovered [75].

• Investigation of the vertical scaling limit of RRAMcells
. In the vertical direction the RRAMcells also possessminimum thickness limit for the dielectric, since an even
thinner dielectricmay suffer from electron tunneling such that theHRS becomes leaky, which goes against the
goal of a non-volatilememory. This requires setting up a 5 nm thick dielectric layer typically, encapsulated by
two electrodes. Such setup can containmore than 500 atoms.Moreover, a series of dielectric thicknesses
should be considered to extract theminimumdielectric thickness from the electronic structures of these
capacitors. This computational task, which requires both band gap accuracy and numerical efficiency, can be
addressed byGGA-1/2.

• Understanding device performance and reliability.

GGA-1/2 can also be used to investigate the reasonswhy a specific RRAM shows certain performance
limitations. A typical example is the resistance windowof the TiO2 andHfO2RRAMs, where the latter is
substantially larger [13, 76].Wu et al [77] calculated the Schottky barriers of Ti4O7/TiO2 usingGGA-1/2, where
Ti4O7 is the typical CF composition in TiO2-based RRAMs [7]. They showed that the contact isOhmic, thus the
HRS of TiO2RRAMs does not possess the necessary barrier for electron injection from theCF to the dielectric.
On the other hand, theCF/HfO2 Schottky barriers are sufficiently large, nomatter whether pureHf or
conductive sub-oxides were used as theCFmodel. GGA-1/2 is very useful for calculating the electronic
structures of thesemodels since previous calculations either suffered fromband gap inaccuracy [78], or were
forced to adopt shortmodels for the dielectric to enable heavy hybrid functional calculations [31].

4. Conclusions

In summary, we performed a thorough investigation into the accuracy of theGGA-1/2 electronic structure
calculationmethod, by comparing five different exchange-correlation functionals (PBE, PBEsol, PW91, revPBE
andAM05). Fourmetal oxide crystals (α-Al2O3, r-TiO2,m-ZrO2 andm-HfO2)were selected for benchmark
calculations, based on their relevance in resistivememory devices, for which the simulation requires
exceptionally large supercells in order to clarify the device physics. Such tasks ask for fast and accurate schemes
for the calculation of band gaps and band offsets.We compared the accuracy of eachGGA functional flavor and
have drawn the following conclusions:

(1) GGA-1/2 within any of these exchange-correlation functional flavors predicts reasonable band gaps,
correcting the band gap underestimation of conventional GGA.

(2) For the oxides investigated, the GGA-1/2 band gaps fall between the HSE06 and GW results, while the
GGA-1/2 band structuremorphology is in agreement with the computationally-demandingGWmethod.

(3) Since PBEsol and AM05 predict the most accurate lattice parameters, GGA-1/2 based on these two flavors
yields band gaps that are relatively insensitive to the choice of experimental or optimized lattice parameters.
In particular, PBEsol performs slightly better thanAM05.
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(4) While the atomic potentials obtained with different GGA flavors are fairly different, the corresponding self-
energy potentials are relatively insensitive to the XCflavor thatwas used in the self-energy potential
generation. In case a self-energy potential with a specifiedGGAXC ismissing, onemay resort to the PBE
self-energy potential.

(5) In the implementation of GGA-1/2, increasing the power index of the self-energy cutoff function from 8 to
20 can further improve the calculated band gaps for typicalmetal oxides.

Ourwork shows that GGA-1/2 is an efficient and accuratemethod for calculating the electronic band
structures for various resistive switching oxides, for all theGGA exchange-correlation functionals investigated.
Nevertheless, the combinationGGA(PBEsol)-1/2 stands out as the optimum scheme that offers themost
accurate band gaps for these oxides.
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