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Structure and stability of rare-earth and transition-metal oxides
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The structural parameters of rare-earth oxides lanthanigd{)aand ytterbia'YbO), and of transition-metal
oxides yttria (Y,03) and lutetia (LyOs3), candidate replacements of silica as gate insulators in nanometric Si
electronics, are determined véb initio calculations. The stability against formation of silica, silicides, and
silicates for these oxides in contact with silicon is also investigated: we find stability against silica and silicide
formation, but not against silicates.
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I. INTRODUCTION IIl. METHOD

h ‘ f inf Total-energy and force calculations are done within
In recent years, the performance needs of modern inforgengity-functional theoryDFT) using thevasp codé with
mation technology have been forcing the size of Si-baseghe gll-electron frozen-core projector-augmented-wave
ultra-large-scale-integratedLSI) devices into the domain method® using for O, Si, Lu, Yh(treated as divalent, see
of nanometric dimension's? This implies the effective re- below), Y, and La respectively 5, 5, 6, 6, 7, and 8 projectors,
duction of the physical thickness of insulating gate oxideyith maximum angular momentum in the projector expan-
layers  in  CMOS (complementary  metal-oxide- sjon of 3 for La and Y, and 2 for all other atoms. The use of
semiconductgrdevices. The natural oxide of Si technology, an all-electron method is advisable in these compounds due
amorphous Si§} is now nearing its fundamental size limits, tg the relevance ofl andf electrons in transition and rare-
with physical thicknesses currently down to two unit cells.garth metals, and to the need to treat semicore statest The
This leads to uncomfortably largdi.e., greater than ghell js treated as frozen core in Lu and ¥ee also Sec.
1 Alen?)  leakage currents and increased failure|| A below). In the case of yttria and lanthania, both the
probabilities _ _ local-density (LDA) and generalized-gradier@GGA) ap-
‘The main reason for the strong reduction of gate-oxideyroximations to DFT have been used for comparison; only
thickness in device downscaling is the need for increasinghe GGA is used for ytterbium and lutetium oxides. As will
capacitances in the CMOS conducting channel. In a CMOSge seen, GGA performs better in general.
the gate-oxide layer dominates the series capacitance of the Tq gbtain accurate structures and formation enthalpies, we
channel. An increase in capacitance can thus be obtainggse a plane-wave cutoff of 360 eldbout 50% larger than
reducing the dielectric thicknesBe of the oxide layer, hav- the suggested maximum cutdffMonkhorst-Packgrids are
ing physical thicknessl and relative dielectric constast ~ ysed for Brillouin zone integration, with the first-order
Given its small dielectric constant, it is understandable thafjethfessel-Paxtdh method for Fermi-surface smearing,
SiO, as a gate oxide has emerged as one of the downscaliRghere relevant. Mesh and smearimdhave been determined
bottlenecks. Clearly a replacemeéntill have to be found for  for each kind of material to obtain the desired accuracy: for
silica as a gate insulator for Moore’s [&wn ULSI circuit  metals we use the 888 mesh andr=0.2 eV, for sili-
component density—and hence circuit performance—to regjges the 6<6x 6 mesh andr=0.05 eV: for silicates and
main valid in the next decade. ~ oxides, the 44x4 and 0=0.01 eV. For hexagonal lat-
One of the basic selection criteria for a gate oxide is itsjjces, the mesh is centered at thiepoint to speed up con-
thermodynamical stability in contact with Si, barring the for- yergence. The internal parameters of each structure have
mation of undesired thin insulating layeieg., silica or sili-  peen optimized; the forces acting on the ions after optimiza-
cates at the Si-oxide interface, which would reduce the glo-tjon are below 104 eV/A for oxides, 102 eV/A for sili-
bal capacitance of the CMOS conducting channel. Silicid&;jdes and 0.01 eV/A for the more complex silicates. These

formation during epitaxy of the chosen oxide on silicon istgchnjcal settings ensure a convergence of the computed total
likewise undesirable as it will obviously alter the device gnergies to around 1-10 meV.

properties.

In this paper, we focus our attention on a selection of [l. RESULTS AND DISCUSSION
transition and rare-earth metal oxides involving nominally
trivalent metal cations: specifically, lanthania ¢03), ytter-
bia (YbO), lutetia (Lup,O3), and yttria (Y,03). We investi- The nominal electronic ground states of the metals cations
gate via first-principles density-functional calculations theirinvolved in the materials at issue are [Kr] 4d* 5s%; La
structure, energetics, electronic structure, and thermodyXe] 5d* 6s% Yb [Xe] 4f'* 6s% Lu [Xe] 4f* 5d' 6s°.
namic stability against silica, silicides, and selected silicatesThey all behave as trivalent cations in the solid state, form-
We find all the investigated oxides to be stable against silicing sesquioxides Y03, except Yb. Ytterbium is a critical
and silicides, not against silicates. mixed-valence case, and forms both the monoxide YbO and

A. Structures
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TABLE II. Internal parameters for bixbyite )O; and LyO;.
Experimental data are from Ref. 10.

(> ‘e (" Y,04 u X y z

LDA —0.0326 0.3907 0.1514 0.3797

‘ GGA —0.0327 0.3908 0.1516 0.3799

3 exp —0.0314 0.389 0.150 0.377

‘ \ Lu,Os
GGA —0.0330 0.3912 0.1521 0.3800
> ¢

« o tite Ca(P0O,)30, where in our case metal atoms replace Ca,

N and Si atoms replace P. Since this structure is quite large and
complex (hexagonal lattice with a 42-atoms basis, space
group Cgh), the calculations are performed only with yttrium

. o and lanthanum as metal cations.
FIG. 1. Cubic cell of the bixbyite structuréfrom http://

webelements.com B. Lattice and internal parameters

. . _ . The lattice parameters have been calculated using the
the sesquioxide Y03, behaving as divalent or trivalent cat- \y,rnaghan equation of state, appropriate for crystals at mod-
ion, respectively. We did not attempt to treat thefshell as  grate compressiord with an accuracy of 0.001 A. Table |
partially occupied: correlation effects falling out of the ap- jists the calculated lattice parameters for oxides in compari-
plicability range of DFT are likely to play a major role son with experimental values, where available. The LDA and
there® We therefore considered Yb as divalent, studying onlycga perform as expected-(1 and+1%, respectivelyfor
the monoxide variant YbO, whereby the strictly divalent be-yttria whereas LDA gives a rather contracted lattice for the
havior of Yb has been confirmed in self-interaction- gther oxides. Overall the agreement between GGA and ex-
correction calculation$. , _ _ periment is within 1% or better.

The bulk phases of the cations are metallic, and crystallize |, Taple II we list the internal parameters of bixbyite-

in the hexagonal close-packed structure, except ytterbiungrycture yttria and lutetia and in Table 11l those of hexagonal
which is face-centered cubfcThe experimental structure of |anthania. as defined in Ref. 10. In the bixbyite structure, all
Y and Lu oxides is that of bixbyite, symmetry grod§,  oxygens are fourfold coordinated with four different dis-
which (in the present single-cation casen be described as tances from the cation@.19, 2.22, 2.24, and 2.29 A in lu-
a body-centered lattice with a 40-atoms bd8ihe primi- tetia, and 2.25, 2.28, 2.30, and 2.36 A in yttrifihe cations
tive cell consists essentially of eight rotated defected-fluoriteyre all six-fold coordinated; one cation out of four in the
cells(see Fig. 1 La oxide is hexagonab3, group®® Ytter-  primitive cell has six neighboring oxygens at the same dis-
bium monoxide has the NaCl structutdor the sesquiox- tance(2.24 A in lutetia, 2.30 A in yitria the others have
ides, we examine the competition of the hexagonal and cubithree pairs of neighboring oxygens at three distinct distances
bixbyite structure, finding the correct energy ordering. (2.19, 2.22, and 2.29 A in lutetia, 2.25, 2.28, and 2.36 A in
The stable structure for the studied silicides (X$vith X yttria); cation second neighbors are other cations at 3.46 A.
the metal catiophas been found to be that of aluminum An X-ray absorption fine-structurgXAFS) experiment
diboride™ For the silicates, we adopt the structidref apa-  should therefore detect, in the radial pair distribution func-
tion, four quasi-nearest-neighbor peaks centered within ap-
TABLE |. Lattice parameters for oxides. Yttria and lutetia are proximately 0.1-0.2 A of each other, all at the same inten-
bixbyite, lanthania is hexagonal, YbO is NaCl. Experimental datasity, for both oxygen and the cation x-ray edgésr the
are from Ref. 9 for YbO, and Ref. 10 for all others. cation this is due to 1/4 of them having 6 neighbors and 3/4
just two neighbors

Oxide ad) c
a C. Relative stability: bixbyite vs hexagonal

Y203 LDA 10.515 1 The relative stability of the cubic bixbyite structure
GGA 10.700 1 against the hexagonal lanthanum-oxide structure is investi-
exp 10.604 1

La,O5 LDA 3.865 1.553 TABLE lIl. Internal parameters for hexagonal 4@;. Experi-
GGA 3.937 1.562 mental data are from Ref. 10.
exp 3.937 1.557

Lu,0s GGA 10.355 1 La;0s u v
exp 10.391 1 LDA 0.2446 0.6453

YbO GGA 4.743 1 GGA 0.2471 0.6452
exp 4.870 1 exp 0.245 0.645
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gated for yttria and lanthania. Calculations are performed in TABLE IV. Formation enthalpiegeV per formula unit of ox-
the LDA, at the nomindl cutoff of 250 eV for both oxides. ides vs silicides and silicates, multiplied by the weighting factors
The result is that bixbyite YO, is more stable by 0.14 eV diven in Egs.(2) to (4). The experimental formation enthalpy of
per formula unit over the hexagonal phase; conversely, hexdilica is —8 eV.

agonal LaO; is more stable than bixbyite by 0.20 eV per
formula unit. In both cases the volume per formula unit in

Cation oxide silicide silicate

the bixbyite structure is about 11-12% larger than in they, —19.41 —296 —29.41
hexagonal phase. These results agree with the experimenta| —18.84 —387 —29.74
findings and confirm the ability of this kind of calculations to | | 2018 —230
predict structural preferences even for complex structureg, 715 107

(see Note added in proof

D. Thermodynamical stability in contact with Si able agreement with experiment, so the present results
To predict the thermodynamical stability of the oxides inShOUId be quantitatively reliabléthermodynamic tablés

contact with Si, their formation enthalpies are calculated®"® AHYan__lg'? eV/fprmuIa unit - and AH'-azoa_
from the computed energies per formula utite formation =_—23 eV/formula unit, which compare favorably to fairly
enthalpy is the energy difference between a compound anffith our values of-19.4 and 18.4 eV, respectively

the parent bulk phases of the constituents, a negative value FOr as regards stability, the results summarized in Table
indicating stability of the compoungdand compared to those v |nd|c§1te that all o>.<|.des_ are f.a.l’ more stable Fhan silica, anq
of competing compounds involving silicon. For amorphousthat their decomposition into silica and metal is not energeti-
silica, we take the experimen’él\/alueAHSioz: _goey. cally favorable. Furthermore, all oxides are stable against

The weiahting factors for the various enthalpies are Sto_silicide formation, as the formation enthalpies of silicides are
I €ighting T . thaipies are minor in all cases on the scale set by the oxides. However,
ichiometric coefficients arising from chemical equilibrium

conditions. For example, the reaction involving yttrium ox- yFt.ria and Ianthania.are not stabl_e against the fornjation of
ide and silica is silicates. While We.dld nqt study dlreqtly Lu and Yb silicates,
from the data available it seems quite reasonable to extend
2Y,0;+3 Si>4 Y+3 Si0,. this conclusion to those cations as well.
Our predictions are for zero temperature, but we do not
Indicating with E the total energies of the various bulk expect entropic effects at finite temperature to change any of

phases involved, the reaction is balanced if our conclusions. While this is obvious for the formation en-
thalpies of the various compoundsilicides, silicates, etg.
4Ey+3 E02+3 Esit2 AHYzog which differ by several electron-volt, it is also highly prob-

able for the energy order of the bixbyite and hex phases,

=4Ey+3Est3Eo, 3 AHs0, (D Which would require unlikely large entropy differences
or (~10 kg at room temperatujeo be reversed.
AHY203:% AHsio,. (2 E. Electronic structure

That is, yttria is stable against decomposition into silica and Here we present the orbital- and S|te—_pr01ecte(_j density of
metallic yttrium if AHy o < 32AHgo . Similar relations be- stategDOY) of yttrium and lanthanum oxides to give a feel-
2-3 =2 ing for the nature of the electronic states in these systems.

tween enthalpies are determined by the equilibrium of reactye typical DOS projected on oxygen atoms in botsOY
tions having yttrium silicides and silicates as final products:and L0, has the expected dominaptharacter in the up-
per valence ban¢hot shown. As to the cations, the orbital-

AH =2AHyg;., 3 . X _
203 YSiz (33 projected DOS at a La atom ifl/3,2/3,0 in Wyckoff
_2

AHY203_ §AHY5(SiO4)3O ' (3b) 1 LI N Y LA I B N B
Analogous relations with the same coefficients hold for lan- Eos— s A -
thanum and lutetium oxides. In the case of ytterbium oxide, g - :: -
instead, the equilibrium conditions are simpler: P d J: —
gt x .
1 Z 04 nloo
AHypo=75AHspo, (4a) v | X N
Qo2 oo

AHypo=AHypsj, (4b) Y. " TR . NS

Calculated enthalpies are converged to better than 10 meV Energy (eV)
in all cases, occasionally better than 1 meV. In general, for-
mation enthalpies calculated within GGA-DFT are in reason- FIG. 2. s andd orbital-projected DOS at La(2,u) in La,Os.
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L FIG. 4. Orbital-projected DOS at Y3(3,%) in Y,0;.
FIG. 3. p andf orbital-projected DOS at Laz(, 5,u) in La,Os.
coordinate¥ in La,0; is displayed in Fig. 2 fors and d V. SUMMARY
orbitals, and in Fig. 3 fop andf orbitals(the projected DOS h d calculati h q
for the other independent La atom is quite analogoliae We have reported calculations on the structure and ener-

thin gray line indicates the valence-band top. The band gap igetics of a selection of rare-earth and transition-metal oxides.
in both cases around 4 eV. Experimental valgesrrying Detailed structural data were provided. The stability in con-

considerable uncertainties so)fare 5.7 eV for L0; and  tact with Siis evaluated: the oxides are stable against decom-

6.2 eV for Y,0,. This underestimate is due to the well- Position into silica and silicides, not against silicate forma-
known DFT error in predicting fundamental energy g&bs. tion, which is presumably to be expected during deposition
The most sizable character in the upper valence bardl is of the oxide on Si.
like, with some lesser, but comparable, admixture ahdf Note added in proofAfter submission we completed cal-
states(the latter are unbound in the atgnmhe conduction culations for lutetia in the hex and bixbyite phases: as for
band, while containing someé admixture, is prevailinglyf  yttria and unlike lanthania, in agreement with experiment we
like. find bixbyite lowest in energy.

Figure 4 displays instead the orbital-projected DOS of one
of the two independent Y cations in bixbyite-structure yttria
(the other independent yttrium site is essentially equivalent ACKNOWLEDGMENTS
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