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Structure and electrical levels of point defects in monoclinic zirconia
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We performed plane wave density functional thedBFT) calculations of formation energies, relaxed
structures, and electrical levels of oxygen vacancies and interstitial oxygen atoms in monoclinic zirconia. The
atomic structures of positively and negatively charged vacancies and interstitial oxygen atoms are also inves-
tigated. The ionization energies and electron affinities of interstitial oxygen atoms and oxygen vacancies in
different charge states are calculated with respect to the bottom of the zirconia conduction band. Using the
experimental band offset values at the interface of Zilths grown on silicon, we have found the positions of
defect levels with respect to the bottom of silicon conduction band. The results demonstrate that interstitial
oxygen atoms and positively charged oxygen vacancies can trap electrons from the bottom of the zirconia
conduction band and from silicon. Neutral oxygen vacancy serves as a shallow hole trap for electrons injected
from the silicon valence band. The calculations predict negatif@ the O center and stability of V centers
with respect to disproportionation into®V and \P in monoclinic zirconia.
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I. INTRODUCTION basic defect properties in cubic and cubic stabilized zirconia

have been studied empiricafly,and using density functional

Zirconia is one of the most important wide band-gap trantheory**° An extensiveab-initio investigation has also been

sition metal oxides. Its current applications range from jew-performed for zircon (ZrSig).**

elry, semiconductor substrates, fuel cells and oxygen sensors In this paper we present the results of the plane wave

to nuclear fuel rod$.Zirconia displays three polymorphat  density functional theoryDFT) calculations of oxygen va-
atmospheric pressure: at low temperatures the monoclinig@ncies and interstitial oxygen atoms in monoclinic zirconia.
Cgh phase(space groupP2, /c), above 1400 K the tetrago- After qa}lculatmg the incorporation energies anq structures of
nal D};ﬁ (P4,/nmd phase, and above 2600 K the cubic interstitial oxygen atoms and formation energies of neutral

fluorite OF (Fm3 h Both th lini d tet oxygen and zirconium vacancies, we consider the electron
uorite Oy, (Fm3m) phase. Both the monoclinic and tetrag- ,¢inities and ionization energies of these defects and their

onal phases can be obtained by distortion of the simple cubig;r,ctyres in singly and doubly charged states. These proper-
structure. In general, at room temperature crystalline zirconiges gre especially important at the interface with silicon as it
(ZrQ;) exists in the monoclinic phase, however, the cubicmay serve as an electron and hole source. The results dem-
phase can be “stabilized” by the addition of substitutional onstrate that interstitial oxygen atoms and positively charged
cations, such as €4, Mg?*, and ¥?*.* The stabilized zir- oxygen vacancies can trap electrons from the bottom of the
conia has been extensively studied both theoretically and extirconia conduction band and from silicon.

perimentally due to its wide technological applicatidfis. The paper is organized as follows. In the next section we
Recently, however, zirconia related research has received atiscuss the details and justification of the method of calcula-
additional boost due to an intensive search for new dielectrition. In the third section we discuss the results for the two
materials capable of substituting silicon dioxide in its role astlasses of point defects, interstitials and vacancies, in the
gate dielectric in many microelectronic devicethin ZrO,  fourth section we study the energy levels of the defects, and
films grown on silicon demonstrate favorable parametersthen in the fifth section we discuss some possible reactions
such as high thermal stability and low leakage curfént. between defects. Finally, we summarize the implications and
High resolution TEM indicated the presence of both tetragossible future directions of the study.

onal and monoclinic phases in these filmand therefore
studies of defect properties in these zirconia phases have
become extremely topical.

The performance of thin zirconia films as gate dielectrics All the calculations have been performed using the plane
is likely to be affected by various defects. In particular, film wave basis/asp code!?*3implementing spin-polarized den-
growth involves oxygen diffusion through the already grownsity function theory and the generalized gradient approxima-
oxide and the possible formation of interstitial oxygen de-tion (GGA) of Perdew and Warl§ known as GGA-Il. We
fects. Another important issue is related to oxygen stoichihave used ultrasoft Vanderbilt pseudopotentrai$to repre-
ometry and formation of oxygen vacancies. Electron andsent the core electrons. The pseudopotential for the zirco-
hole trapping by interstitial oxygen and oxygen vacanciesnium atom was generated in the electron configuration
may affect leakage current through the oxide. These issudKr]4d®5s® and that for the oxygen atom [ils?]2s?2p*,
are critical to the performance of thin zirconia films and havewhere the core electron configurations are shown in square
yet to be studied in tetragonal or monoclinic zirconia. Somebrackets.

II. METHOD
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TABLE I. Comparison of calculated and experimental bulk unit 0.3 eV. Note that tails at the band edges are determined by
cell parameters for the cubic, tetragonal, and monoclinic phases ahis factor and do not have a quantitative meaning. The DOS
zirconia. 6z is the shift in fractional coordinates of oxygen atoms in for the monoclinic phase is very similar to the DOS obtained
the tetragonal cell with respect to their ideal cubic positighss for the cubic and tetragonal phagest shown hergand has
the angle between lattice vectaandc in the monoclinic cell and  tqree clear bands. A valence band of oxygancRaracter at
X,Y,z are the fractional coordinates of the nonequivalent sites in th%round—lS eV, a valence band of oxygerp Zharacter at
m structure. around 0 eV and a conduction band of zirconiutheharac-
ter at around 7 eV. There are a small number of states of Zr

Property Calculated Experimerital 4d character in the middle band, but it is dominated by the O
Cubic 2p states. This is consistent with the picture of zirconia as an
Volume (A3) 32.97 32.97 ionic insulator, with limited covalent bonding between Zr
aA) 5.090 5.090 and O. The fact that the top of the Kohn-Sham ©ovalence
Tetragonal band states is located at about 1.6 eV is determined by the
Volume (A3) 34.55 34.07 pseudopotentials and by the way the Ewald summation is
c/a 1.447 1451 The band gap calculated as the energy difference between
5z 0.049 0.057 the highest occupied_ and lowest .unoccupied one-electron
Monoclinic states in j[hIS method is 3.41 eV. This energy is very close to
3 that obtained in previous studi&SAlternatively, it can be
Volume (&%) 36.05 35.22 ) ! X
estimated as a difference of the total energies of the system
a(A) 5.192 5.150 with N, N+1, andN—1 electron¥’
b/a 1.014 1.012 ' '
1.032 .
Z?O) 99(_)831 ;9(_)55 Eg4(theop =E(per,—1)+E(per,+1)—2-E(per,0. (1)
Xzr 0.277 0.275 Here E(per,0) is the total energy of the perfect neutral su-
Yar 0.044 0.040 percell, andE(per,—1) andE(per,+1) are the total ener-
Zzr 0.209 0.208 gies of the supercell with an electron or a hole. In both
Xo, 0.072 0.070 charged states the electron and hole are completely delocal-
Yo, 0.338 0.332 ized over the supercell. A neutralizing background was ap-
Zo, 0.341 0.345 plied to the unit cell for calculations of charged systems. The
Xo, 0.447 0.450 perfect crystal with an additional electron or hole becomes a
Yo, 0.758 0.757 metal and therefore calculations of its electronic structure
Zo, 0.479 0.479 may require a much larger numberlopoints than for a wide
Energy differences between phases (/grO gap insulator. To investigate this issue we have calculated the
E"°(eV) —0.07 —0.06 energiesE(per,=1) with four and tenk points and have
E™ ¢ (eV) -0.17 -0.12 found that the total energy changes only by about 0.003 eV.

The band gap calculated in this way is equal to 3.19 eV. The
gap values obtained using both methods are much smaller
than the experimental values obtained by UB83 eV(Ref.

In order to validate both the pseudopotentials and the0)], EELS[4.2 eV (Ref. 2] and electron photoinjection
method itself, extensive calculations were performed on th¢5.4 eV (Ref. 22]. The theoretical value calculated using the
three dominant bulk phases of zirconia: cubic, tetragonallocal density approximation in DFT and the perturbation
and monoclinic. For each system, total energy convergencéaeory on the GW level is equal to 5.4 &V.
was tested within &-point range between 1 and &points All defect calculations were made using a 96 atom unit
and a plane wave cutoff energy range between 200 and 60&ll, which is generated by extending the 12 atom mono-
eV. Convergency to within 10 meV was achieved withKLO clinic unit cell by two in all three dimensions. For this cell,
points and a cutoff energy of 400 eV. The bulk unit cell the total energy was converged to better than 10 meV for a
lattice vectors and atomic coordinates were then relaxed at plane wave cutoff of 500 eV andRpoints in the first Bril-
series of fixed volumes. The obtained energies were fittetbuin zone. One oxygen atom was added to or extracted from
with a Murnaghan equation of stafeo give the equilibrium  this cell to model the interstitial and vacancy defects, respec-
volume and the minimum energy. The final calculated celitively. The large size of the cell separates the periodic defect
parameters are given in Table I, along with experimental valimages by over 10 A, greatly reducing the unphysical inter-
ues. In all cases the agreement between calculated and exstions between them. For geometry relaxation we used a
perimental values is excellent, demonstrating that both theombination of Conjugate Gradient energy minimization and
pseudopotentials and method are suitable for this study. quasi-Newton force minimization. During defect calculations

The electron density of stat¢®OS) for ideal monoclinic  the lattice vectors of the cell were frozen and all atoms were
zirconia is shown in Fig. (B). For better presentation, each allowed to relax until atomic forces were less than 0.05
of the discrete one-electron energies forming the spectruraV/A. A neutralizing background was applied to the unit cell
was broadened by a Gaussian with a smearing factor equal for calculations of charged defects. The Coulomb interaction

8References 37 and 38.
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between charged defects in different periodic cells is calcube labeledX; and all associated with a tetragonally bonded
lated as described in Refs. 23,24 using Madelung constant aygen will be labeled,, whereX is the defect species.
calculated invAsp. The incorporation energy of atomic oxygen into zirconia
The vacancy formation energiésr equivalently, the oxy- |attice can be calculated with respect to different gas species.
gen atom incorporation energjeEy,(defect) were calcu- For example, an oxygen molecule in the lowest triplet state
lated as the energy difference between the fully relaxed dengs peen used in many similar studiege, for example,
fected supercelE(defect) and the perfect monoclinic 96 Refs. 11,25,26 The reason for choosing this reference state
atom unit cellE(per,0) and an isolated oxygen atd®O) s twofold: (i) molecular oxygen is used in some oxidation
according to techniques and in this case provides the right reference for
_ the chemical potentigkee discussion in Ref. 1and(ii) due
Eror( defecy = E(defec) —[E(pen = E(O)]. @ to degeneracy of the ground triplet state of the oxygen atom,

Calculation of E(O) presents some problems and is dis-it is poorly described in DFT, especially in a periodic model.

cussed in detail in the next section. This degeneracy is lifted in the,@nolecule, which provides
a much better description. Using half of the energy of an
IIl. POINT DEFECTS isolated @ molecule(equal in or calculations to 4.91 ¢\ds
_ N a reference energy(O) [see Eq(2)] we obtained the incor-
A. Oxygen interstitials poration energies-1.4 eV for 03 and +2.2 eV for0J. A

In this study we have considered defects formed by armpositive value indicates an endothermic process, which in-
interstitial oxygen atom in different charge statés=O°  volves dissociation of the Omolecule. However, to estimate
O -, O?". As discussed below, each interstitial can form awhether the incorporation from atomic gas is exothermic,
stable defect pair with either a tetragonaftgtra or triply  one should know the energy of an oxygen atom in the triplet
bondeditriple) lattice oxygen(see Fig. 2 For ease of refer- state. This is known to be a problem in plane wave DFT as
ence all values associated with a triply bonded oxygen wilkhe result depends on the shape of the unit cell. Using a
series of expanding rectangular periodic cells with three dif-
ferent lattice constants exceeding 10 A, we obtained a “bro-
ken symmetry” solution for the oxygen atom with a lowest
energyE(O)=—1.97 eV. This then gives the dissociation
energy of the @ molecule in GGA-Il as 5.88 eV, which is
higher than the experimental value of 5.2 eV. The electron
affinity of the oxygen atom calculated using the same ap-
proach is 1.7 eV, slightly higher than the experimental value
of 1.46 eV.

FIG. 2. Diagram showing the tetragoriéft) and triple-planar Using the atomi&(O) energy as a reference, we find that
(right) bonding of the oxygen ions in the monoclinic phase of zir- @ Single O atom is incorporated in the monoclinic zirconia
conia as calculated in this work. The numbers show interatomidattice with an energy gain of1.6 eV (02) and —0.8 eV
distances in A. (02). These values are close to those found for oxygen in-
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FIG. 3. Charge density in the plane through, Z1O, and Q, '
and a schematic diagram of neutral oxygen intersti{i3) near a FIG. 4. Charge density in the plane through, ZO,, and Q,
triply bonded oxygen (@) in zirconia. Charge density is in 0.1 e/A and schematic diagram of singly charged oxygen interstits)
and all distances are in A. near a triply bonded oxygen ( in zirconia. Charge density is in

0.1 e/A and all distances are in A.

corporation in zircort! They can be also compared with val-
ues reported in the literature for the same processrin 10 study the possibility of one and two electron trapping
quartz. Using a periodic LDA approach Hamann has found &Y the interstitial oxygen, we added extra electsprto the
formation energy of-0.86 eV’ a similar value—0.7 eV System. We should note that for both singly and doubly
has been reported from correlated cluster calculafibasd charged systems, the added electron initially went to the con-
—0.9 eV in recent DFT GGA-II calculatiorfs:26 duction band and did not localize fully on the defect until
Figure 3 shows the fully relaxed charge density and posiafter the system was relaéeq. Moreover, when we investi-
tion of ions near to a neutral oxygen interstitial in tf@3j ~ 9gated the properties of th@, site, we found that when one
configuration in the lowest singlet state—the interstitial inOF tWo extra electrons are added to this system, there is no
the triplet state is 1 eV higher in energy. The charge densitptable energy minimum for the oxygen interstitial near to the
shows that the interstitial and lattice oxygen form a strong€tragonal site. In fact the interstitial undergoes large dis-
covalent bond, and effectively become a “dumbbell” defectPlacements and moves to the most easily available triple
pair within the lattice. This configuration is similar to previ- 0xygen site, forming a®; defect. Due to this and since the
ous calculations of neutral oxygen interstitials in zircontriple oxygen site ©3) in zirconia is energetically favored
(ZrSio,),** but differs from the “peroxy bridge” seen in for interstitial formation, we will now focus in detail on de-
silica calculationg>2® The lattice oxygen relaxes by up to fects incorporated at that site.
0.5 A to accommodate the interstitial, distorting the original ~ Figure 4 shows the charge density and positions of ions
triple planar O-Zg group (see Fig. 2 into a slight pyramid near to a singly negatively charged oxygen interstitial. The
with its apex pointing away from the interstitial. The Zr sub- introduction of an extra electron causes the interstitial and
lattice remains more or less undisturbed, with the nearedattice oxygen to separate, both displacing by about 0.2 A
zirconium (Zn) to the pair only relaxing by around 0.05 A. and also causing a 0.1 A displacement of thg .Zfhe re-
Integration of the electron density around the oxygens withidaxation energy from the initiaD3 configuration is equal to
equivalent spheres of different radii using ttevoo codé® 1.7 eV. Overall this relaxation reduces the covalent bond
gives the same values for both the interstitial and the latticdetween them significantly, as can be seen in the charge den-
oxygen, indicating that significant charge has been transsity plot. However, they remain effectively identical, with
ferred to the interstitial. identical charge for a given radius. Calculation of the charge
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ized on Q and Q,. It also demonstrates a reduction of the
covalent bond between;@nd the nearest zirconium ions.

The changing nature of the defect pair can also be seen in
the evolution of the total density of states of the systems,
shown in Fig. 1a). On addition of the neutral oxygen inter-
stitial, the main band structure remains the same, but new
states can be seen. These are bonding and antibonding states
of the Q-O,4 defect pair due to the extensive charge transfer
and formation of a strong covalent bond. They are located at
about—19 and—14 eV, and—4 and 1.8 eV, correspond-
ingly. The highest occupied defect states are in the band gap
near the top of the valence band at 1.8 eV. They are masked
in the DOS tail and therefore indicated by the arrow in Fig.
1(b). For the singly charged oxygen interstitial, the-Qy
bond is weaker and the DOS is even closer to the ideal bulk
DOS. The fact that the defect pair separates and becomes
much more ionic means that there are now no other clear
defect states in the DOS. Defect states which appear at the
top of the valence band in the gap at about 2.3 eV are again
indicated in Fig. 1b). The DOS for the doubly charged in-
terstitial is, again, very similar to that for the perfect lattice,
with Oiz’ related defect states at about 2.2 eV in the gap.

We also studied the positive interstitial in zirconia, how-
ever, the hole does not localize on the defect even after re-
laxation. The charge density maps show that the hole is de-
localized over the whole cell and the one-electron energy
spectrum is typical for a metallic state. This may represent a
well-known error in the kinetic energy calculated in Kohn-
Sham theory, which favors delocalized over localized defect
stated’ and can also be seen for thg \efect below. There-
fore this result may not be accurate and will not be discussed
in detail.

B. Vacancies

FIG. 5. Charge density in the plane through, ZIO,, and Q, In respect of two types of oxygen atoms in monoclinic
and schematic diagram of doubly charged oxygen interstitig) (O zirconia we considered vacancies of fourfold and threefold
near a triply bon(_jed oxygen (A_())in zirconia. Charge density is in - ¢ggordinated oxygen: ¥and V4. The main properties of both
0.1 e/A and all distances are in A. types of vacancies are very similar and the discussion below

is presented in terms of fourfold coordinated vacangy V
density difference between the system before and after the We start our discussion from considering a neutral va-
introduction of an electron shows that the electron is com<cancy, which is formed by removing one neutral oxygen
pletely localized on the defect pair. atom from the 96 atom unit cell. Formation of the neutral

For the final interstitial, the doubly charged oxygen inter-vacancy leads to a very small relaxation of the four neigh-
stitial in Fig. 5, the charge density and positions differ sig-boring Zr ions with displacements of only about 0.01-0.02 A
nificantly to that demonstrated for the singly charged defectfrom their positions in the perfect crystal. The corresponding
The interstitial displaces significantgabout 0.5 A to ac-  relaxation energy is~0.11 eV. The vacancy formation en-
commodate an extra electron and the corresponding relaergy is defined ag, (V)= E(vacancy)- E(O)—E(per,0),
ation energy is equal to about 1.4 eV. It now occupies arwhereE(vacancy) ande(per,0) are the supercell energy for
effective new triple site(see Fig. 5, bonding with a third the defective and the perfect systems, respectively, and
zirconium ion. In the singly charged defect, the third zirco-E(O)=—1.97 eV is the energy of the free oxygen atom in
nium ion was over 2.5 A from the interstitial and no bond the triplet state as used for the interstitial calculations. The
could be seen in the charge density. In this new configuraformation energies for fourfold and threefold coordinated
tion, the interstitial forms slightly elongated bonds with the neutral oxygen vacancies are equaktg(V,4) =8.88 eV and
zirconium ions compared to normal lattice triple site. TheE;,(V3)=8.90 eV, respectively. They are quite similar to
defect remains in the singlet state, with equal spin compothose obtained for MgO and silid@ee, for example, Refs.
nents. Again, calculation of the charge density difference be31,32.
tween the systems before and after the introduction of the The neutral vacancy has a doubly occupied one-electron
electron shows that the second electron is completely locaknergy level deep in the forbidden gap and is strongly local-
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5.0

relaxation are qualitatively similar to that for neutral and
charged oxygen vacancies in Mg®ef. 3) and in alkali
halide crystal$® Therefore these defects in zirconia can be
attributed to the class df centers.

There have been suggestions that negatively charged va-
cancies E' centerd? can also exist in zirconia. Therefore
we considered trapping of an additional electron at the neu-
tral oxygen vacancy X/ and creation of the negatively
charged vacancy ). In this charged state the additional
electron is only weakly localized in the vicinity of the va-
cancy. The corresponding spin maps clearly show strong de-
localization of the spin over the whole supercell. Therefore
the atomic relaxation is very small: all four Zr neighbors
displace by less than 0.02 A and the energy decreases by less
than 0.1 eV. The same conclusion can be made by analyzing
the one-electron states which demonstrate a clearly metallic
solution.

For completeness, we have also considered a neutral Zr
vacancy. This corresponds to removing a neutral zirconium

50 2 _ ) ; atom from a lattice site. The lattice relaxation in this case is
significantly stronger than in the case of the neutral oxygen

FIG. 6. Spin density map, in the plane through three Zr ions, ofvacancy. The nearest oxygen ions surrounding the vacancy
the positively charged vacancy*V The vacancy position is at the are displaced outwards from the vacant site by about 0.1-0.2
center(0,0) of the map. Spin density is in 0.1 e/A and all distancesA and the relaxation energy is about 1.4 eV. The formation
are in A, energy of the neutral zirconium vacancy, determined in the

same way as that for the oxygen vacancy, is 24.2 eV. The

ized. This energy level is situated2.2 eV above the top of formation of the zirconium vacancy does not induce any ad-
the valence band. The defect charge density distribution iglitional states in the band gap—all defect states are located
gualitatively very similar to that for a neutral oxygen va- inside the valence band.
cancy in cubic zirconid® It is strongly localized with a Finally, we can combine the results for oxygen interstitials
maximum in the center of the vacancy and can be describeaind vacancies, and calculate the formation energies of anion
as a bonding combination of atomic orbitals of all four Zr Frenkel defect pairs. For a neutral vacancy-oxygen atom
neighboring the vacant site. The first one-electron excitedrrenkel pair this energy is about 7.3 €With respect to the
state is situated very close to the conduction band edge anddsygen atom in the triplet stateThis compares well with the
much less localized with the charge density having maximaesults for zircort! which also predict 7.3 eV. The energies
on all Zr ions beyond the first neighbors of the vacancy. Theof charged defect pairs are lower and comprise 6.8 and 5.4
energy of the verticali.e., for the fixed geometry of the eV for the V'-O~ and \2*-O?" pairs, respectively. This
relaxed singlet stajesinglet-to-triplet excitation(calculated stems from the lattice polarization which favors charged
as the difference of total energies of the defective supercelitates and also from the fact the electron affinity of the oxy-
in the ground and excited triplet states equal toE(S, gen interstitial atom/ion is very close or larger than the ion-
—T;)=1.2 eV. We note that this value is very close to theization energy of the neutral/singly charged vacafsse fur-
energy difference between the corresponding occupied anther discussion in Secs. IV and)VTherefore the electron
unoccupied one-electron states. transfer from a vacancy to an oxygen interstitial is energeti-

lonization of the neutral oxygen vacancy results in thecally favorable. It is interesting to note that the Frenkel en-
creation of the positively charged defec} V The spin den-  ergy for the fully separated pair of doubly charged defects
sity map presented in Fig. 6 clearly shows that the remainingound in our study practically coincides with that predicted
electron is strongly localized in the vacancy. It also reflectausing classical pair potentials and the shell mddebwever,
the bonding character of the charge density corresponding teimilar calculations using different interatomic potenfials
the singly occupied localized state and demonstrates strorgyedict a Frenkel energy of 9.1 eV.
contributions of Zrd orbitals. The atomic relaxation in this
case is much stronger than for the neutral vacancy: all four
Zr neighbors move away from the vacant site by about 0.1 A
and the relaxation energy amounts to 0.47 eV. Creation of the In order to study the possible role of defects in photostim-
doubly positively charged vacancyﬁ'/ is again accompa- ulated and thermostimulated processes, and in electronic de-
nied by further displacement of the surrounding four Zr ionsvices one needs to know the position of defect states with
away from the vacant site by additional 0.1 A. This leads torespect to the bottom of the conduction band of zirconia or to
the further energy decrease by 0.74 eV. other electron or hole sources, such as silicon. In this section

We should note that strong localization of the electronwe analyze the data obtained for the oxygen and vacancy
density inside the vacancy and the behavior of the latticelefects from this perspective.

2.5 —

0.0 —

|

IV. DEFECT LEVELS
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This analysis requires comparing energies of defects in TABLE II. lonizational potentiall (D), electron x¢(D), and
different charge states. To achieve that we compare total efole xn(D) affinities (in eV) of defects in different charge states.
ergies of the systems with the same number of electrons. F6F

example, to calculate the vertical ionization energy of theD vq Vy Vit 03 O3 05"
neutral vacancy one can take a difference betwe_en the en r")-(D) 3.80 3.08 539 519 519
gies of the final statéthe sum of the total energies of the

erfect crystal with an additional electron and that for thexe(D) 3.33 3.54 3.73 4.62
P y Yr(D) 207 186 007 167 078

positively charged vacancy with the nuclei positions in the
neutral stateand the initial statéthe sum of the total ener-

gies of the perfect crystal and that for the crystal with theor relevant value fok will be found. This will require only

nelu:rz?jl ;/a;:r?nc)y ;’he Talntlrzjagcu:jacy Of_ this alg'r;[lg)actr ISI a shift of our predicted values by a constant.
related to the underestimated band gap in our calcula 1 further discussion we will consider two types of pro-

tions. Below we use the difference cesses(i) vertical (Franck-Condohionization of defect cen-
K= Eq(exp) — E4(theon, 3) ters in Qifferent chargt_a states into the condU(_:tion band and
(ii) full (i.e., relaxed affinities of defect states with respect to
to correct the defect excitation energies, the ionizational poelectrons from the bottom of the conduction band and holes
tentials and electron affinities. Assuming the experimentatrom the top of the valence band. The calculated values are
value ofE4(exp)="5.4 eV, this givesc=5.4-3.19=2.21 eV.  summarized in Table Il and the electron affinities are also
Defining the defect ionizational enerdgy(D) as the ver- shown in a schematic energy diagram in Fig. 7.
tical excitation energy of an electron from the defect to the We can see that doubly and singly charged vacancies of
bottom of the conduction band, we have both types have positive electron affinities for electrons com-
ing from the bottom of the conduction band. The calculated
Ip(D,q)=E(per,—)+E(D,q+1)~E(per0—E(D.a)+ &, glectron affinity for the neutral vacancy is very small and
cannot be accurately predicted because the corresponding
whereE(per,—) andE(per,0) are the calculated energies of electron state is lying at the bottom of the conduction band
the perfect supercell with chargel and 0, respectively, and and depends on the accuracy of calculation of the conduction
E(D,q) is the energy of the defect with the chamyéin the  band. The neutral and negatively charged interstitial oxygens
elementary charge unitin Eq. (4) the valuegE(D,q+1) also have large electron affinities. The hole affinities for
must be calculated for the geometry of the relaxed defectharged oxygen species are large due to the strong defect
with the chargeg. We can define the electron affinity of the relaxation. The “vertical” values for these affinities are
defect yo(D) in exactly the same mannénoting that we about 0.2 eV, in line with what one would expect from the
now consider an energy gain when the electron from thé>OS and vertical ionization energies.
bottom of the conduction band is trapped at the defect, rather Yet another relevant issue concerns the electron affinities
than an excitation energy to be ppib follows: of these defects with respect to electrons from the bottom of
silicon conduction band at the Si/Zg@nterface. This is par-
xe(D,q)=E(per,—)+E(D,q)—E(per,0

—E(D,q—1)+«. (5) EEW
Note that the one can consider both “vertical” and “re- 6 [ 210, Conduction Band |
laxed” electron affinities. In the latter case the lattice relax- SR — —_
ation after the electron trapping is included B§D,q—1). 5
We can also define a hole affinity of the defggi(D), i.e.,
the energy gain when a free hole is trapped from the top of 333
the valence band to the defect as follows: . 4 85 |g0m
111con °
xn(D,a)=E(per;+)+E(D,q) ~ E(per,0 ~E(D,q -+ 1). ot = o
) 3 54

Again, dependent on whether the lattice relaxation in the oon L (expe)
final state is included or not, one will obtain different affini- Band , | we— g
ties. Note that in calculating the hole affinigy(D), we do — — (10
not use the correctior, as we assume that the energy dif-
ferences between filled states are well reproduced in DFT. 1 v
From the definitiong5) and (6) it is easy to obtain =0

A Een j oo

This method is clearly approximate. However, fixing the
value ofk allows us to present the results of our calculations FIG. 7. Energy level diagram showing the electron affinities for
in one scale. This scale can be changed if a more “accuratevarious defects in monoclinic zirconia. All energies are in eV.
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TABLE llI. Defect reactions and associated energies. The value$rom the presence of a charged yttrium impurity in the vicin-
in brackets show the energy difference between the formation erity of the F center in Ref. 4. However, we should note that
ergy of the defect pair and the formation energy of the neutrakhe repulsion between two positively charged oxygen vacan-

Frenkel pair. cies at short £5 A) distances can reverse this very delicate
- balance.
Reaction EnergyeV)
0%+ V=0 +V* 0.5 VI. DISCUSSION
O +V =02 +Vv2* 1.4 _
02~ +0%°= 20" 09 The results of the calculations demonstrate that oxygen
V2 V0=V 0.2 interstitials and vacancies in monoclinic zirconia are strongly

localized. @ and G, V2", and Vj; can serve as electron
traps and \2 as a shallow hole trap. They have similar struc-
ticularly relevant for thin oxide films where electrons canture to analogous defects in cubic oxides. Application of
tunnel from the interface into defect staf8#gain counting ~ duantum-mechanical methods to study defect states proved
from the top of the valence baridee Fig. 7, we can use the 0 be essential, since Zg@nd some of the defect structures
experimental valué$ of the valence band offs¢@.3 e\) at  are characterized by significant covalent bonding and at-
the interface and the band gap of ($il e\), and the posi- tempts to model them and the corresponding electrical levels
tion of the top of the valence band of Zg@n our calcula- Would be impossible in classical shell-model techniques.
tions to estimate the energy of an electron at the bottom of Si However, some of the defect properties cannot be accu-
conduction band with respect to the defect levels. As one caffitely predicted. In particular, the neutral vacancy may have
see in Fig. 7, doubly and singly charged vacancies, and nepositive electron affinity but it cannot be reliably established
tral and singly charged oxygen interstitials can serve as tradQ our calculations due to the strong admixture of its electron
for electrons injected from the bottom of the silicon conduc-state at the bottom of the conduction band. This results from
tion band. Perhaps equally importantly, the top of silicontwo inter-related factors(i) the band gap is systematically
valence band practically resonates with the neutral oxygeHnderestimated in plane wave DFT calculations with the
vacancy(see Table i Therefore these states can serve af®W91 energy functional ani) calculations in this method
shallow traps for holes injected from silicon and participatetend to amplify the delocalization of electronic states in shal-
in hopping hole conductance through oxide. low energy wells.

The same factors affect the accuracy of our calculation of
the optical excitation energy of the neutral oxygen vacancy.
We have estimated this energy by the difference of the total

The above calculations predict the existence of oxygerenergies of the lowest singlet and triplet defect states and
vacancies and interstitials in different charge states. Thebtained 1.2 eV. Since the excited state is very close to the
number and spatial distribution of defects in each chargdottom of the conduction band, it is likely that the error is
state will depend on the method of their creation, presence dflose to that in the value of the band gap, as discussed above.
the electron source, applied voltage, temperature, and othéf for rough estimate of the optical absorption energy we
factors. Assuming a distribution of defects in different chargeincrease the calculated value by the same correction
states and electron transfer between defects, our results allow2.21 eV used to correct the band-gap width, we obtain
us to predict the most stable state for each defect pair. about 3.4 eV. It is interesting to note that this value is very

To address this question we compare the total energies f@lose to the maximum of the broad band at about 3.4 eV
defect pairs in the same total charge state using the totalttributed to F centergneutral vacancies in yttria-stabilized
energies of individual defects. The reactions are listed irzirconia?).

Table IIl. Note that we do not include Oand V defects Our results predict negativg for the O center. In other
because we do not treat the results obtained for these defestords two O centers are unstable with respect to dispropor-
as reliable enough. As in simple alkali halides, the chargdionation into G~ and @ centers. They also predict stability
transfer between oxygen vacancies and interstitial atoms isf V* centers with respect to disproportionation int*V
energetically favorable and means that a pair of separateahd \P. The calculated reaction energies can be affected by
doubly charged defects has about 1.9 eV lower energy thanseveral factors. One is the Coulomb interaction between a
Frenkel pair of neutral defects. charged defect and its periodic images in the total energy

It is interesting to note that our results predisee the calculation for each such defect. It is included in calculations
third reaction in Table Il the decay of two isolated © of electron affinities, ionization energies and electron transfer
species into the © center and a neutral Cspecies. This reactions using the technique described in Refs. 23,24. For a
characteristic is known as “negativd” behavior. On the well-localized single charged defect this correction is only
other hand, the similar reaction between the two positively~0.1 eV due to the large size of the supercell10 A) and
charged vacanciefast line in Table 1), which was pre- the large static dielectric constant of the materiah-@25°).
dicted to be an exothermic in yttrium stabilized zircohia, However, the dielectric constant of zirconia is not well de-
our calculations comes out endothermic. This reaction igined and will be certainly different in thin zirconia films on
even less favorable for threefold coordinated vacancy: theilicon. Nevertheless, the large size of our unit cell means
energy loss is about 0.4 eV. This discrepancy may resulthat this uncertainty should not affect our qualitative conclu-

V. REACTIONS
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sions. Another factor is the Coulomb interaction betweeroxide and thus will contribute to leakage current. Therefore
charged defects in each defect pair in Table Ill. In our calthis problem also requires further study.

culations this interaction is neglected. At sholess than Our results also allow us to make some conclusions con-
~10 A) distances between charged defects it can affect outerning radiation stability of oxide. The anion Frenkel ener-
predictions. Yet another factor is polarization of silicon by gies predicted in our calculations are all larger than the band
charged defectsimage interactiofy which can affect both  gap. Therefore Frenkel pairs cannot be formed as a result of
the defect formation energies and charge transfer reactionfecombination of electron-hole pairs created by electron or
These effects should be studied in more detail for particulaphoton irradiation. This suggests that the excitonic mecha-

cases.

nism of radiation damage which is extremely effective in

~ The predicted possibility of electron transfer from silicon glkali halides and in some oxidss most certainly ineffec-
into oxygen vacancies and interstitials may have differentive in zirconia. This result agrees with the well-known ra-
consequences for the growth and properties of zirconia filmgiation stability of zirconia.

on silicon. In particular, the electron transfer from silicon

onto interstitial oxygen atoms will create charged oxygen

ions, which will become attracted to the interface by the
image interaction with silicon. This may affect diffusion of
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