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We have performed plane wave density functional theory calculations of atomic and molecular interstitial
defects and oxygen vacancies in monoclinic hafnia (Jif0’he atomic structures of singly and doubly
positively charged oxygen vacancies, and singly and doubly negatively charged interstitial oxygen atoms and
molecules are investigated. We also consider hafnium vacancies, substitutional zirconium, and an oxygen
vacancy paired with substitutional zirconium in hafnia. Our results predict that atomic oxygen incorporation is
energetically favored over molecular incorporation, and that charged defect species are more stable than neutral
species when electrons are available from the hafnia conduction band. The calculated positions of defect levels
with respect to the bottom of the silicon conduction band demonstrate that interstitial oxygen atoms and
molecules and positively charged oxygen vacancies can trap electrons from silicon.
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[. INTRODUCTION gen incorporates from the surface and diffuses inside the
oxide in atomic form. Since such experiments are still absent
Hafnia (HfG,) is a hard material with a relatively high for hafnia, it is interesting to use theory to determine the
dielectric constant and wide band g4p.It also has high most stable forms of interstitial oxygen species in this mate-
thermal stability and is used in optical and protectiverial. Another important issue is related to oxygen stoichiom-
coatings:* However, the basic properties of hafnia (HJO etry and formation of oxygen vacancies. As-grown films are
have been little studied in the literature, with only a scatter-almost always nonstoichiometric, although this can be cor-
ing of experimental and theoretical works. Due to their ho-rected by high-temperature annealing. However, the concen-
mological outer shell electronic configuratiofjits proper- ~tration of remaining oxygen vacancies is unclear. Electron
ties are expected to be similar to zirconia. In particular@nd hole trapping by interstitial oxygen and oxygen vacan-
hafnia also exists in three polymorphs at atmospheric preii€s may affect leakage current through the oxide. For ex-

St ow tamprare e oot pacssace ST, een sues ofplsnedeost icoa i s
group P2,/c), above 2000 K the tetragonaD3; 9

, trapping, and this is supported by theoretical predictions of

(P4;/nma) phase, and above 2870 K the cubic fluo@@ e trapping properties of vacancies and interstitials in
(Fm3m) phase. Although there are some experimental studzjrconia?® Charged defects can create strong electric fields
ies of the monoclinic phase, ®there are very few studies of and affect band offsets. They can contribute to dielectric loss
the tetragonal or cubic phaskslso experimental and theo- and their diffusion in an electric field is equivalent to elec-
retical studies of the structure and properties of point defectgolysis (see, for example, Ref. 21These issues are critical
in hafnia are, to our knowledge, absent. to the performance of thin hafnia films and have yet to be

Along with several other high-dielectric-constant studied. The structure and properties of oxygen vacancies
materials’ hafnia-related research is increasing rapidly dueand interstitial oxygen atoms have recently been studied in
to its potential for substituting silicon dioxide in its role as zirconig®?2?%and zircon (ZrSiQ).2*
gate dielectric in microelectronic devices. Thin Hf@ims In this paper we use density functional thedBFT) cal-
grown on silicon demonstrate favorable parameters, such aslations to study the structure and electronic properties of
high thermal stability and low leakage curréfit}> The three stable phases of crystalline hafnia, and of oxygen va-
structure and composition of such films grown, for examplecancy and interstitial defects in monoclinic hafnia. We con-
using atomic layer deposition on silic8f® chemical solu-  sider stable configurations of neutral oxygen vacancies and
tion deposition on silicon dioxid¥ and other methods:*® interstitial oxygen atoms and molecules in the bulk of this
have been characterized by transmission electron microsnaterial. As in the case of Si/Sj3° the charge state of these
copy, x-ray diffraction, reflection high-energy electron dif- defects in a hafnia film on silicon can be changed by electron
fraction (HREED), and electron microprobe analy$i.was  transfer from/to the silicon substrate. Therefore we calculate
found that after annealing in oxygen at 500—1200 °C crysthe electron and hole affinities of these defects and study
talline films are almost always nearly stoichiometric mono-their stable configurations in different charge states. The ob-
clinic HfO,. tained defect properties allow us to calculate the energies of

The performance of thin hafnia films as gate dielectrics isvarious defect processes involving these defects. The results
likely to be affected by various lattice defects. In particular,demonstrate that interstitial oxygen atoms and positively
film annealing involves oxygen diffusion through the alreadycharged oxygen vacancies can trap electrons from the bottom
grown oxide and the possible formation of interstitial oxy- of the hafnia conduction band and from silicon.
gen. Experiments on zircortfa*® have suggested that oxy-  The paper is organized as follows. In the next section we
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TABLE I. Comparison of calculated and experimer{fakfs. 32
and 33 properties of bulk hcp hafnium.

TABLE Il. Comparison of calculated and experimen(BRefs.
1,7, and 34 bulk unit cell parameters for the cubic, tetragonal, and

monoclinic phases of hafni@z is the shift in fractional coordinates

Property Calc. Expt. of oxygen atoms in the tetragonal cell with respect to their ideal
cubic positionsg is the angle between lattice vect@sandc in the
a (A) 3.1797 3.1946 monoclinic cell, and and,y,z are the fractional coordinates of the
c (A) 5.0239 5.0510 nonequivalent sites in the structure.
cla 1.58 1.58
Vo (A3) 21.99 22.32 Property Calculated Experimental
Bo (GP3 110 110 Volume (A3) 32.49 32.77
a (A) 5.07 5.08
discuss the details and justification of the methods of calcu- , Tetragonal
lation. In the third section we discuss the results for the two ~ Volume (A%) 33.12 35.075
classes of point defects, interstitials and vacancies, and then 2 (A) 5.06 5.15
in the fourth section we study the reactions between defects. ¢/ 1.024 1.027
Finally, we summarize the implications and possible future 92 0.051 -
directions of the study. Monoclinic
Volume (A3) 34.81 34.62
a(A) 5.1322 5.1187
Il. METHOD b/a 1.011 1.010
A. Ideal crystals c/a 1.034 1.035
All the calculations have been performed using the plane ﬁf(de@ 392'33 ggz,;g
wave basis/asp code?®?’ implementing spin-polarized DFT He 0.044 0.040
and the generalized gradient approximati@GA) of Per- Y ' '
dew and Wan®f known as GGA-Il. We have used ultrasoft Hf, 0.209 0.207
Vanderbilt pseudopotentidfs™ to represent the core elec- 01, 0.070 0.071
trons. The pseudopotential for the hafnium atom was gener- 01, 0.333 0.332
ated in the electron configuratidixe 4f14]5d%6s* and that o1, 0.345 0.344
for the oxygen atom ifils?]2s?2p*, where the core electron 02, 0.448 0.446
configurations are shown in square brackets. 02, 0.758 0.755
In order to validate both the pseudopotentials and the 02 0.478 0.480

Energy differences between phases (/5fO
E'" ¢ (eV) —0.08 -
-0.24 -

method itself, and to find the chemical potential of Hf, ex-
tensive calculations were performed on bulk hcp hafnium
and the three dominant bulk phases of hafnia: cubic, tetrag- E™ © (eV)
onal, and monoclinic. For the pure metal, the total energy
was found to converge to within 10 meV for a plane wave

cutoff energy of 250 eV and 25R points in the irreducible  mental data for cubic and tetragonal phases are taken at high
part of the Brillouin Zone(BZ). The bulk unit cell lattice temperature, eg., 2073 K for tetragonaL and are also some-

vectors and atomic coordinates were then relaxed at a seriggat dependent on temperature, and therefore comparisons
of fixed volumes. The obtained energies were fitted with aith the 0 K theoretical data are limited.

Murnaghan equation of stétfeto give the equilibrium vol- The electron density of stat¢®OS) for ideal monoclinic

ume and the minimum energy. The final calculated cell pay g5 is shown in Fig. (). For better presentation, each of

lrjae?eters are given in Table |, along with experimental Val'the discrete one-electron energies forming the spectrum was

For hafnium oxide, total energy convergence was testegroadened by a Gaussian with a smearing factor equal to 0.3

for each phase within a BZ sampling range between 1 and 8 V- Note that tails at the band e_dg_es are de_termmed by this
k points and a plane wave cutoff energy range between 20 ctor and do not have a quantitative meaning, I?Ut the raw
and 700 eV. Convergence to within 10 meV was achieved?©S at the valence band edge can be seen in fiy. The
with 20k points and a cutoff energy of 400 eV. The bulk unit POS for the monoclinic phase is very similar to the DOS
cell lattice vectors and atomic coordinates were then relaxe@Ptained for the cubic and tetragonal phasast shown
and fitted as for calculations of hafnium. The final calculatedhere and has three clear bands. A valence band of oxygen 2
cell parameters are given in Table II, along with experimen-character at aroune 15 eV, a valence band of oxygerp2
tal values. character at around 0 eV and a conduction band of hafnium
For both pure hafnium and the hafnia phases, we havéd character at around 7 eV. There is a small number of
found good agreement between calculated and available estates of Hf & character in the middle band, but it is domi-
perimental values of structural parameters of these systemsated by the O @ states. This is consistent with the picture
Our results are also in good agreement with previous DFDf hafnia as an ionic insulator, with some degree of covalent
calculations of this materidP. Note however, that the experi- bonding between Hf and O. The fact that the top of the

174117-2



VACANCY AND INTERSTITIAL DEFECTS IN HAFNIA PHYSICAL REVIEW B 65 174117

100 4

FIG. 1. (a) Total density of
states (DOS) for ideal and de-
fected monoclinic hafnia. Note
that Gaussian smearing has been
applied to the DOS for clarityb)

An enlargement of the unsmeared
DOS around the Fermi leveEf)

of the ideal system, at 2.1 eV. The
arrows show the highest occupied
one-electron states of the defected
systems, Qat 2.25 eV, Q at 2.40
eV, and G~ at 2.70 eV.
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Kohn-Sham O P valence band states is located at about 2.1in the atomic interstitial DOS The band edges shift by
eV is an artifact of the calculation procedure. about 0.1 eV from the ideal bulk position upon introduction
The band gap calculated as the energy difference betweearf a neutral molecule, but there is little difference in the
the highest occupied and lowest unoccupied one-electroRermi level position for different defect charge states. This
states in this method is 4.12 eV. Using a method describedonfirms the fact that the artificial Coulomb interaction be-
previously?® the band gap estimated as a difference of theween charged defects is very small. For geometry relaxation
total energies of the system with, N+ 1, andN—1 elec- we used a combination of conjugate gradient energy minimi-
trons is 3.92 eV. The gap values obtained using both methodzation and quasi-Newton force minimization. During defect
are much smaller than the experimental value of 5.68 eV.calculations the lattice vectors of the cell were frozen, which
Note that the band gap in hafnia is larger than the correeorresponds to a very dilute system. All atoms were allowed
sponding value of 3.19 eV obtained in zirconia by the sameo relax until atomic forces were less than 0.05 eV/A.
method?’ and is consistent with the smaller experimental The vacancy formation energiésr equivalently, the oxy-
value of 5.4 eV in zirconi&® gen atom/molecule incorporation energiBs, (D) were cal-
culated as the energy difference between the fully relaxed
defected neutral supercelid , and the perfect neutral mono-

) ) _clinic 96 atom unit cell,EY, and an isolated oxygen atom/
All defect calculations were made using a 96 atom ”n'tmolecule,Eo, according to

cell, which is generated by extending the 12 atom mono-

B. Calculation of defect properties

clinic unlt'cell by tyvo in threg d|m§n5|ons: The monoclinic EfO,(D)=E%—(E8t Eo). (1)
structure is used in calculations since it is the most stable
phase, even for thin film&314 HereE, is the total energy of the individual oxygen atom or

For this cell, the total energy was converged to better thamolecule. It is subtracted for a vacancy and added for an
40 meV for a plane wave cutoff of 500 eV andkdoints in  interstitial. Calculation o is discussed in detail below.
the first BZ. One oxygen atom/molecule was added to or In order to study stable charged defect states and the pos-
extracted from this cell to model the interstitial and vacancysible role of defects in photo- and thermostimulated pro-
defects, respectively. A neutralizing background was applie¢esses, and in electronic devices one needs to know electron
to the unit cell for calculations of charged defects. The largeaffinities and ionization energies of defect states with respect
size of the cell separates the periodic defect images by oveo the bottom of the conduction band of hafnia and to other
10 A. The Coulomb interaction between charged defects irlectron or hole sources, such as silicon. To achieve that, we
different periodic cells calculated as described in Refs. 3@ompare total energies of the initial and final systems with
and 37 and using a Madelung constant calculateeh&p in the same number of electrons. The main inaccuracy of this
most cases does not exceed 0.1 eV. approach is related to the underestimated band gap in DFT

The perturbation of the DFT effective potential caused bycalculations(see also the discussion in Ref.)2This means
the introduction of defects to the cell can be seen in Fig. 1 that defect states are closer than they should be to the top of
for the molecular interstitialéslightly smaller shifts are seen the valence band and the bottom of hafnia conduction band.
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The relative error with respect to the gap edges depends on
defect and is impossible to establish without proper calibra
tion using experimental data.

Defining the absolute value of the defect ionization en-
ergy I ,(DY) as the vertical excitation energy of an electron
from the defect with chargg to the bottom of the conduc-
tion band, we have

Io(DY)=Eq +ER" '—Eg—E}+ &1, 2

whereE, andEj are the calculated energies of the perfect
supercell with charge-1 and 0, respectively, aridl], is the
energy of the defect with the charge(in the elementary
charge unit In Eq. (2) the vaIueE‘ﬂD+l is calculated for the
geometry of the relaxed defect with chargeand «; is a
correction for the position of the bottom of the conduction
band. Similarly we can define the electron affinity of the
defecty(D9 (i.e., the energy gain when the electron from
the bottom of the conduction band is trapped at the dpéect
follows:

FIG. 2. Diagram showing the fourfold-coordinated tetragonal
(left) and threefold-coordinated trigonalght) bonding of the oxy-
gen ions in the monoclinic phase of hafnia as calculated in this
work. The numbers show interatomic distances in A.

and correct the defect excitation energies, the ionizational
potentials, and electron affinities. This gives-5.68—3.92
=1.76 eV, which is used in all further calculations.
Although this method is approximate, fixing the value of
« allows us to present the results of our calculations in one
scale. Another advantage is that, in order to find defect af-
finities with respect to electrons at the bottom of silicon con-
Here the correctionc, can be generally different fromy. dl_Jct_ion band or holes at the top of the silicon vz_ilence band,
One can consider both “vertical” and “relaxed” electron af- Within the same method one can use the experimental value
finities. In the latter case the lattice relaxation after the elec®f the band offset with Si. This scale can be changed if a
tron trapping is included ilE%fl_ We can also define the More “accurate” or relevant value fot will be found. This

hole affinity of the defeck,,(D9), i.e., the energy gain when will require only a shift of our predicted values by a con-

the a free hole is trapped from the top of the valence band tgtant.
the defect as follows:

Xe(DH)=Ey +E4—EJ—Ed 1+ «,. 3

N a o a1 I1l. INCORPORATION OF ATOMIC OXYGEN
) = _EO_

Xn(D)=Eo +Ep=Eo~Ep T 3. @ Unlike for silica and zirconia, incorporation of oxygen
Again, dependent on whether the lattice relaxation in thespecies in hafnia has been studied neither experimentally nor
final state is included or not, one will obtain different affini- theoretically. In view of the potential applications of hafnia
ties. The vertical hole affinity provides a useful estimate ofas a gate oxide, development of structural models of oxygen
the position of the defect state with respect to the top of thépecies in this material and comparison with other systems
valence band. To define the correctiong, «,, k3 we use seems partcularly timely. Defect species in gate oxides can
the following considerations(i) We assume that the main be charged by electrons or holes tunneling from Si. There-
inaccuracy in defining the relative positions of defect stategore in this study we have first considered interstitial neutral
with respect to the band-gap edges is due to unoccupie@xygen atom and then studied the possibility of formation
Kohn-Sham states, and that the underestimated band gapagd equilibrium structures of charged specks O™ and
mainly due to the too low position of the bottom of the 0?". As discussed below, each interstitial can form a stable
conduction band. Therefore we use an approximation thedefect at either a fourfold-coordinated tetragonally or
k1= k,=k andk3=0. These conditions are difficult to fully threefold-coordinated trigonally bonded lattice oxygen site
justify without comparison with experiment. As we will (see Fig. 2 For ease of reference all values associated with
show below, the vertical hole affinities calculated as the dif-a threefold-coordinated oxygen will be label¥d and all
ference between one-electron states and using4aqgree associated with a fourfold-coordinated oxygen will be la-
within 0.5 eV, which gives an indication of an error made bybeledX,, whereX is the defect species.

this assumption(ii) Using these conditions and definitions

(3) and(4) it is easy to obtain A. Incorporation energies

Xn(D9) + xo(DITH) =E4(expt), (5) The incorporation energy of atomic oxygen into the
hafnia lattice can be calculated with respect to different pro-
where both affinities correspond to relaxed final defect statesesses involving gas oxygen species. For example, molecular
This condition holds in all calculations, which ensures theoxygen participates in high-temperature annealing of
consistency of our approachiii) We use the experimental films.'=*In this case an oxygen molecule in the lowest
value of E4(expt)=5.68 eV(Ref. 2 to define the difference triplet state provides the right reference for the chemical po-
tential (see discussion in Ref. 24This approach has been
k= Eg(expt) — E4(theon, (6) used in many similar studiegssee, for example, Refs.
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20,24,38 and 39 Using half of the energy of an isolated, O
molecule (equal in ourvAsp calculations to 4.91 eMas a 2
reference energygp [see Eq.(1)], we obtain defect forma-
tion energiest 1.6 eV for & and+2.3 eV for . A posi-
tive value indicates an endothermic process, which involves 1
dissociation of the @molecule.

In the ultraviolet ozone oxidation processee, for ex-
ample, Ref. 41 ultraviolet light interacts with oxygen gas to 0
produce oxygen radicals and ozone. To estimate whether the
incorporation from atomic gas is exothermic, one should
know the energy of an oxygen atom in the triplet state. This 1
is known to be a problem in plane wave DFT as the result
depends on the shape of the unit cell. Using a series of ex-
panding rectangular periodic cells with three different lattice 2
constants exceeding 10 A, we obtained a “broken symme-
try” solution for the oxygen atom with a lowest ener@y
=—1.97 eV. This then gives the dissociation energy of the
O, molecule in GGA-II as 5.88 eV, which is higher than the
experimental value of 5.17 €¥.The electron affinity of the
oxygen atom calculated using the same approach is 1.7 eV,
slightly higher than the experimental value of 1.5%V.

Using atomicEg as a reference, we find formation ener-
gies for single O atom incorporation into the monoclinic
hafnia lattice of—1.3 eV (J) and—0.6 eV (d). These
values are close to those found for oxygen incorporation in FIG. 3. Charge density in the plane through\H0,, and Q,

zirconial— 1.6 eV and—0.8 eV Ref. 201 and and a schematic diagram of neutral oxygen interstitig) (@ar a
[ (@) (Cﬁ) ( 0] threefold-coordinated oxygen (@in hafnia. The charge density is

zircon[—1.2 eV (Ref. 24]. They can be also compared . i )
with va[lues reported in the]literatiljre for the same pr(fcess in' 0.1e/A% and all distances are in A.
a-quartz. Using a plane wave LDA approach Hamann ha
found a formation energy of 0.86 eV*! a similar value,
—0.7 eV has been reported from correlated cluste
calculation§> and —0.9 eV in recent DFT GGA-II
calculations'®

Since the @ site is energetically favored, the rest of this
discussion will focus only on this site. Note also that previ-
ous studies in zirconia have shown that there is no stabl

minimum for charged defects at the, Gites®

N T O I

?ore the vertical electron affinity is close to zero. We should
ote that this can be an artifact of our DFT calculation
caused by the wrong position of the bottom of the conduc-
tion band and by the well-known tendency of DFT to under-
estimate the degree of localization of electron states in shal-
low traps*4=4

System relaxation leads, however, to complete localiza-
fion of the electron on the oxygen pair. The increased charge
on the defect oxygen pair causes the ions to separate, also
increasing the depth of the triple oxygen pyramid. Figure 4

B. Defect models and electron affinities demonstrates that the covalent bond between the two has

For the neutral interstitial, a charge density map in Fig. 38lmost disappeared, although they remain effectively still a
shows that the oxygen defect forms a clear covalent bongimilar species within the crystal. The relaxation energy from
with the threefold-coordinated lattice oxygen. The interstitialthe initial & configuration is equal to 2.3 eV. The electron is
and lattice oxygen form a “dumbbell” defect pair structure, fully localized in a doublet state on the defect pair. The cal-
which is characteristic of other oxides, such as zircdtaad  culated relaxed electron affinity of the neutral interstitial
zircon (ZrSiQ).2* To accommodate the interstitial, the lat- oxygen atom in the Bconfiguration with respect to the elec-
tice oxygen displaces from its planar position between thre¢ron at the bottom of the hafnia conduction band is given in
Hf ions to form a shallow pyramid. In this structure the two Table Ill. Note that in our notations positive affinity means
oxygens are effectively identical structurally and electroni-that an electron prefers to be on the defect, rather than at the
cally, although small differences in bond lengths evidencebottom of the conduction band.
slightly different environments, and the interstitial is bound Addition of the second electron from the conduction band
to only two of the three hafnium ions in the pyramid. Theto the negatively charged defect is again accompanied by
interstitial incorporates in the lowest singlet state—the tripletstrong lattice relaxation. As in the case of the singly charged
state is 0.9 eV higher in energy. defect, the vertical electron affinity is close to zero and the

To study an electron trapping by the defect, an extra elecrelaxed affinity is positivésee Table IlJ. Introduction of the
tron was added into the system in the atomic configuration ofecond electron effectively produces two independent lattice
the neutral interstitial. The electron does not initially localizeoxygen ions. The separation between them increases even
at the defect site, but rather remains delocalized with its enfurther, to about 2.4 A, and Fig. 5 clearly shows that there is
ergy very close to the bottom of the conduction band. Thereno bond between the two oxygen ions. The corresponding
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FIG. 4. Charge density in the plane through,HO,, and Q,
and schematic diagram of the singly charged oxygen interstitial
(O)) near a threefold-coordinated oxygen ,)Oin hafnia. The FIG. 5. Charge density in the plane throughHO,, and Q,
charge density is in 0efA® and all distances are in A. and schematic diagram of doubly charged oxygen interstitig) (O
near a threefold-coordinated oxygen A)Oin hafnia. The charge

o 3 : ;
relaxation energy is about 1.53 eV. The original threefold—denSIty el

coordinated lattice oxygen is pushed into a deeper pyrami

structure with the three Hf ions, but the interstitial now cre-gtltlal (and over 4 A from the lattice oxyggrand no bond

. . . . .~ could be seen in the charge density. The new electron is fully
ates a new threefold-coordinated site, bonding with a th'rdlocalized on the defect oxygen pair, which is in the singlet

independent, hafnium ion at 2.2 A. In the previous defectsta,[e with equal spin components
structures, this hafnium ion was over 2.6 A from the inter- The changing nature of the defect pair can also be seen in
the evolution of the total DOS of the systems. On addition of
TABLE Il. lonizational potential I,(D), relaxed electron the neutral oxygen interstitial, the main band structure re-
Xe(D), and holey,(D) affinities (in eV) of defects in different  majns the same, but new states can be seen. These are bond-
charge states. ing and antibonding states of the-O, defect pair due to the
extensive charge transfer and formation of a strong covalent

D 1p(D) Xe(D) Xn(D) bond. The highest occupied defect states are in the band gap

V0 3.88 B, 242 near the top of the valence band at 2.3 eV. The corresponding

v} 4.10 3.27 242 vertical hole affinities are equal to 0.12 eV, 0.30 eV, and 0.32

vzt ) 3.26 ) feV for the neutr_al and two charged defect pe_li.rs, correspond-

Vo 3.41 ] 292 ingly. For the singly charged oxygen interstitial, th_e(();

v 375 276 575 bond is weaker and the DOS is even closer to the ideal bulk

V§+ i 293 ) DOS. The fact that the defect pair separates and becomes

Og - 3‘95 0.19 much more ionic means that there are now no other clear
s : : : defect states in the DOS. Defect states appear at the top of

Og_ 5.38 4.75 1.73 the valence band in the gap at about 2.8 eV. The DOS for the

O3 5.35 - 0.92 doubly charged interstitial is, again, very similar to that for

(02)s 5.53 4.67 0.20 the perfect lattice, with ) -related defect states at about 2.7

(02)3 5.46 5.06 1.01 eV in the gap.

(5 7)s 5.32 - 0.62

(Va+Sz)° 3.46 2.03 2.82 IV. INCORPORATION OF MOLECULAR OXYGEN

(V3+S,)" 3.86 2.86 2.63

(Va+S,)%" - 3.05 - Molecular oxygen species may incorporate into the hafnia

lattice from the gas phase or form due to the interaction of
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FIG. 6. (a) Atomic structure of ideal monoclinic hafnia with the
neutral interstitial oxygen molecule (@0,,) introduced near the
threefold-coordinated lattice oxygen site {)O(b) Close-up of the
defect structure after relaxation. Equivalent atoms in the ideal and
defected structure are labeled. All distances are in A.

-2 -1 0 1 2

atomic oxygen species already existing inside the lattice. Di- FIG. 7. Ch density of th wral interstitial |
rect analogy with silica in this case may be not extremely - 1. wharge densily of the heulral Interstiial oxygen mor-

helpful, since there is much less space available in hafnigCUIe (Q-Ow) bonding with threefold-coordinated lattice oxygen

compared to, for example, quartz. To see whether the atom|scIte (). The charge density is taken in a plane through, @y,

i o . and Q, in 0.1e/A% and all distances are in A.
or molecular form of oxygen incorporation is energetically
favored we first consider incorporation of neutral oxygen
molecules. Then extra electrons were again added into thelectron density between Oand Q,, and a bond length
system to study whether oxygen molecules can serve as elegery close to the molecule Oy bond length. Atoms
tron traps. around the molecule displace away from the site to create
more space in the crystal, but these relaxations decay rapidly
A. Incorporation energies to less than 0.1 A beyond the immediate neighbors. As a
. . . consequence of these displacements all the Hf-O bond
Using Eq.(1) with Eo, equal to 9.81 eV, we find incor- |oqns are significantly longer than those in the ideal bulk
poration energies of-4.2 eV for (3); and +5.8 eV for  crystal(see Fig. 2 In this configuration the molecule incor-
(02)4. As for the atomic case, incorporation near the lesgorates in the singlet state, and the triplet state is 0.5 eV
cramped threefold-coordinated oxygen lattice site is mordiigher in energy.
favored. These molecular incorporation energies are double To study whether there are other stable configurations of a
that found in silicd’® as to be expected considering the neutral molecule inside the hafnia lattice, we started the ge-
greater interstitial space available in the silica lattice. ometry optimization from initial configurations far from any
Comparison of atomic and molecular incorporation de-oxygen sites. We have found that a stable minimum exists
pends on the process by which the oxygen enters the systemith bonding of the molecule only to hafnium ions; however,
If the process includes dissociation of the molecule, at a coghis state was 0.23 eV higher in energy. This result suggests
of 5.88 eV, we can compare the incorporation energy of ahat the molecule has a high electron affinity in the oxide, as
molecule in hafnia4.2 eV) with the incorporation of two it seeks the most abundant source of electrons in the
oxygen atomg3.2 eV), implying that atomic incorporation is system—Iattice oxygen sites.
favored by only 1 eV. Again this contrasts with the favoring  Adding an electron to the molecular defect produces a
of molecular adsorption in silica by 2 é¥.However, if in-  situation similar to that for the atomic oxygen defect. The
corporation may occur effectively from an atomic gas, with-electron localizes fully on the defect only after atomic relax-
out dissociation, this reduces the incorporation energy of twation. Figure 8 shows how the bond between the molecule
separate atoms te-2.6 eV and favors atomic versus mo- and the threefold-coordinated lattice oxygen disappears. The
lecular incorporation by almost 7 eV. Although we per- molecule displaces away from the lattice oxygen and is now
formed full calculations for the (¥), series of defects, in effectively bonded only to Hf ions. The intramolecular bond
every case the (¥); equivalent was lower in energy, so we length remains the same as in the neutral case. The large
will focus in detail only on that series. relaxation energy of 2.67 eV from the neutral geometry for
this defect reflects the strong reconstruction. The relaxed af-
finity to an electron from the bottom of the hafnia conduction
band(see Table Il is positive and larger than that for atomic
Figure 6 shows the atomic structure of a neutral oxygerspecies.
molecule incorporated near to a threefold-coordinated lattice Addition of a further electron continues the development
oxygen site, with Fig. 7 showing the associated charge demf the oxygen molecule as an ionic species in the crystal.
sity plot. It is immediately evident that the molecule sharesFigure 9 shows that the molecule moves further away from
an electron density with the lattice oxygen: there is a highthe lattice oxygen, which now returns to the almost ideal

B. Defect models and electron affinities
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FIG. 8. Charge density and atomic structure of a singly charged FIG_._9. Charge density and atomic structure of a doubly_ charged
interstitial oxygen molecule (QOy) near a threefold-coordinated Nterstitial oxygen molecule ($Oy) near a threefold-coordinated
lattice oxygen site (§). The charge density is taken in a plane 'attice oxygen site (Q). The charge density is taken in a plane
through Q, , Oy, and Q in 0.1e/A3 and all distances are in A. through Q,, Oy, and Q. in 0.1e/A® and all distances are in A.

threefold-coordinated oxygen structure. The molecular bond
length increases very slightly, but overall displacements are V. OXYGEN AND HAFNIUM VACANCIES

not very large. The relaxation energy from the singly charged \/3cancies can be generated in hafnia films and bulk

geometry is 1.05 eV. The relaxed electron affinity of thegamples due to growth, deposition, and doping processes. In
molecule to the second electron from the bottom of the CONghis section we will first focus on the structure and electronic

duction band is again very large.

Figure Xa) shows how the introduction of molecular de-
fects to hafnia changes the total DOS. The incorporation o
the neutral molecule produces several defect states due to t : . .
covalent bonds between the oxygens in the molecule and t erfect lattice supercell,_followed by full atomic _relaxatlon.
lattice oxygen. Clear states due to charge transfer and thgharged oxygen vacancies are also well known in many ox-
formation of covalent bonds between oxygen atoms can bi&€s, such as MgO and silica. Besides thermal processes and
seen at about-22 eV, —17 eV, —13 eV, -5 eV. As doping, they can be generated in thin hafnia films by electron
electrons are added to the system it tends towards the sped hole trapping from silicon. Once generated, they can
trum of the ideal bulk crystal. After an electron is added, thetake part in other electronic processes and serve as electron
state at—17 eV disappears, and the other states decrease IfaPs. Therefore we also consider the generation of charged
energy and density, mirroring the dissipation of the covalenvacancies by removal of electrons from the system.
bond between Qand Q, . A state now appears in the gap at Finally, it is interesting to study the effect of Zr ion sub-
2.4 eV [see Fig. 1b)]. The small hole affinities shown in stitution into the hafnia crystal. Due to their identical con-
Table Il confirm that the states in the gap split from thefiguration of the outer electronic shell, hafnium and zirco-
valence edge when defects are introduced to the systemium atoms display very similar properties. In fact, both
When a second electron is added only very small changes itypes of atoms are often found together in natural minérals.
the DOS can be observed, in agreement with the similaAlso, since the Zr atom is slightly larger than Hf, there could
bonding seen around the molecule in both charged states. be some similarity with Ge substitution for Si in Si®y*®

properties of neutral oxygen and hafnium atom vacancies. In
ach case, the vacancy was initially generated by removing
Eée corresponding neutral atom from its site in the relaxed
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A. Oxygen vacancies

We start our discussion with neutral oxygen vacancies.
There are two types of oxygen vacancies in monoclinic 2.5
hafnia: threefold- and fourfold-coordinate¥{ and V,, re-
spectively. The lattice relaxation around them involves
small displacements of the nearest-neighbor Hf ions. The
displacements of these ions for both types of vacancies are in
the range of 0.01-0.02 A, which corresponds to 0.5-1.0 %
of the Hf-O bond length. These values are very similar to
those obtained for oxygen vacancies in zircdflisSBuch
small displacements are characteristic for Bieenter type
defects well studied in cubic ionic oxides, such as Mgé&? 2.5
They correspond to almost full screening of the anion va-
cancy by the two remaining electrons, which are strongly
localized around the vacancy site. The relaxation energies
with respect to the perfect lattice are 0.09 eV and 0.06 eV for
V3 and V,, respectively. Using Eq(1), we obtain the va- FIG. 10. Spin density in a plane containing three Hf ions neigh-
cancy formation energies O0fE;(V3)=9.36 eV and boring the threefold-coordinated oxygen vacaf¢ywith one elec-
Ero(V4)=9.34 eV, correspondingly. These values are alsgron rempved from th_e system. The charge density is i/
similar to those obtained for Mg#:® silicat®5! and  @nd all distances are in A.

Zr0,.2° The formation of a vacancy introduces a new

. . . r
double-occupied one-electron level in the band gap sﬂuateger
at 2.8 eV and 2.3 eV above the top of the valence band for

V3 andV,, respectively. Note that the corresponding vert|cal,[h e formation of doubly positively charged vacanci\a’éf

hole affinities are 2.4 eV and 1.8 eV. andvﬁ+ . The Hf ions neighboring the vacancy site are dis-

One. can estimate th? vertlcal_ excitation energy of _the Vaef)laced outwards by about 0.1-0.2 A, and the relaxation en-
cancy into the lowest triplet excited state by calculating th

singlet to triplet transitionS,— T,. Comparing the total en ergy is about 0.8 eV. Note that for both thé™ and
1- T2+ ;
ergies of the supercells we obtalE“(SOﬂTl)(V3)=l.30 Ry V<" defects, the system total energy is much low@d4 eV

_ o and 0.76 eV, respectivelyor the threefold-coordinated site.
andEs .1,)(V4)=1.59 eV, which are very similar to the Thjs implies that although formation of an initial neutral va-
values obtained by directly subtracting the energies of theancy is energetically balanced between sites, once electrons
one-electron stated.22 eV forV; and 1.66 eV folV,). We  are removed th¥ species is strongly favored and vacancies
should note, however, that these excited states are delocare likely to diffuse to these sites.
ized at the bottom of the crystal conduction band. This may
be due _to the fa_ct that the_ position of the bo_ttom of the B. Hafnium vacancy
conduction band is too low in our DFT calculations. Local- ) , .
ized defect excited states can be located below a proper con- 10 complete this study we have also considered formation
duction band, as is the case in, e.g., MJ&® Due to the of a neutral Hf vacancy. The formation energy of this va-
same reason an extra electron added to the neutral vacang§ncy can be obtained using the expresdiy(Vyy) =Ey
appears to be delocalized at the bottom of the conductiont Exi— Eo. Here,Ey can be calculated in two ways depend-
band and the electron affinity of the neutral vacancy cannoflg on the process being modeled. First, one can use a bulk
be reliably established. metal reference stat@nce again avoiding the problems as-
Removing an electron from the relaxed neutral vacancie§ociated with calculating atoms in the periodic model
results in formation of the positively charged defest§,and ~ Which givesE, ;= —9.88 eV andE (Vi) =16.9 eV. This

V. The Hf ions surrounding the vacancy displace outwarg&vould correspond to formation of Hf clusters in the bulk or
b; about 0.1-0.2 A (5-10% of the Hf-O distaicEhis is at the surface of the oxide. However, one can also consider

(he situation where the removed hafnium remains always in
equilibrium with oxygen vaporsee also discussion in Ref.

tively. The strong relaxation is caused by the fact that the24?' In this case_ It should be referenced ‘.Nith respect to the
neighboring Hf ions lose part of the screening effect pro-CXde- ThenEy= Erio,~ Bo, whereE_HQ IS th_e total en-
vided by the two electrons in the neutral vacancy case. Th89Y per HfQ of monoclinic bulk hafnia anéo, is the total
remaining electron is strongly localized inside the vacancyenergy of the oxygen molecule. This method giEs=

site, as can be seen in the spin density map shown in Fig. 16-20.83 eV andg,(Vy;) =5.7 eV.

The vertical ionization energies for both types of neutral va- Creation of the Hf vacancy causes strorigp to
cancies are given in Table Ill. The single-occupied one0.1-0.2 A) outward displacements of the neighboring oxy-
electron state of this defect lies lower in the band gap. Itgen ions. The reason for such a strong relaxation is the re-
vertical hole affinity is 2.0 eV and 1.6 eV for; andVy, , pulsion felt by the oxygen ions as soon as the Hf atom is

0.0

spectively. Vertical ionization energies given in Table Il
e correspondingly larger than for the neutral defect.
Removal of yet another electron from the system leads to

much bigger than for the neutral vacancy. The relaxatio
energies are 0.65 eV and 0.61 eV #é§ andV; , respec-
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removed. The presence of the Hf vacancy does not introduce TABLE IV. Defect reactions and associated energies.
any additional level in the gap.

No. Reaction EnergyeV)
C. Substitutional defects 1 OO+\/+02027+V+2+ 0.7
We also considered substitution of one of the Hf atoms by :2)’ © CJ)FZ\’/+T)>‘?:>2JCF)\’/ _é':
a Zr atom in the relaxed perfect supercell, creating a substi- 4 V2" 4\ 0oyt 0.0
tutional zirconium defectS;,. Due to similar electronic e 4 '
structure, the bonding established by the Zr ion is very close 5 \0/3 *;V3:72V3+ 02
to the one by the Hf ion in the same site. Owing to the larger 6 (_)2+V =022_+V 1.4
radius of Zr, there is, however, a small outwards relaxation / O +V =05 +V2" 18
of the oxygen atoms neighboring the Zr site. This is also 8 0; +05=20, —-04
consistent with the fact that the Zr-O distance in zirconia is 9 20°=05+Eg -10
bigger than the Hf-O distance in hafnia. These displacements 10 0°+0 =0; +Eg -03
are of the order of 0.01-0.02 A. The presence of the Zrion 11 20 =05 +E] 0.8
does not introduce any additional level in the band gap. If we 12 05+ V°=0°+E) 9.0
consider the overall process of removal of a Hf atom fol- 13 0, +V =0°+E} 7.6
lowed by implantation of a Zr atom, then the formation en- 14 03 +V2 =0+ EJ 5.7

ergy can be defined,

_ 0 affect the properties of the vacancy: the calculated ionization
Eor(Sz) = ESZr+ Eni—Ez—Eo, energies and electron affinities are very similar to those ob-
tained for the single vacancy.

where E,y= —3.36 eV andEz;=—2.23 eV. In this case

E:or(Sz) is +0.55 eV using the bulk metal references for VI. MODEL PROCESSES
?ﬁ?ﬁezgzrgﬁgtssgnmt 2}10‘3 e\r/nIu(;t[ gze ;g'?se;fﬁ;inzeae IThe actual defects present in a real system will depend on
. gy mu P g Eﬁe processing, electron source, applied voltage, and tem-
ions between bulk metal and oxide, but exchange betweeg

oxides is almost free—as to be expected for oxides with suc erature of that system. However, assuming an initial distri-
P ution of defects in different charge states and electron trans-

similar properties. . .
Substitutional Ge defects in silica are known to be elec-!cer between defects, we can combine the obtained

54 : information about the various defects in different charge
tron .and hole trapg? .TO. study Whgther theS,, defect.m tates to make some predictions about which defect combi-
hafnia would exhibit similar properties we have considere

haraed tems by removing or adding one electron to th ations are energetically more favorable. We can also con-
charged systems by removing or a g one electron 10 gy the defects levels with respect to the hafnia and silicon
relaxed defect structure. However, both the extra hole an

electron remained delocalized. This is consistent with thq onduction bands; these may serve as an indication of elec-

fact that Zr is very similar to Hf, and that the monoclinic ron and hole trapping in real devices.
hafnia lattice is much more compact than silica. Therefore
charging of the substituted supercell presents qualitatively
similar behavior as charging of the perfect cell. However, as Various reactions and their energies are presented in Table
has already been noted above, our DFT calculations are nd¥. These energies have been calculated as differences in
capable of treating very shallow states. Therefore these reetal energies of pairs of individual defects and each pair has
sults suggest that no deep electron and hole trapping statése same total charge state and number of atoms. Positive
are induced by Zr substitution. energies indicate that a reaction in the direction of the arrow
We have also studied the properties of a defect formed bis energetically favorable. Note that we do not consider any
a substitutional Zr atom and an adjacent oxygen vacancygactions that include total energies with delocalized states,
S, + V3. It introduces a one-electron level in the band gap ofe.g., O andV ™. The energies presented in Table IV also do
hafnia at 2.7 eV above the top of the valence band, similar tmot include the interaction between defects, which can be
the case of a singl®; vacancy. In the neutral defect state strong especially in close charged defect pairs.
this level is doubly occupied and the electrons remain Reactions 1 and 2 in Table IV indicate that charge transfer
strongly localized in the vacancy. The bigger substitutionabetween oxygen vacancies and interstitials is favorable. A
Zr ion displaces towards the vacant site by about 0.08 Aseparated pair of doubly charged defects has 1.5 eV lower
Some of the oxygen atoms in the vicinity of the vacancyenergy than the neutral pair. The associated Frenkel pair en-
cage move towards it, attracted by the Zr ion. The range oérgies are 8.0 eV for formation of the neutral pair, 7.3 eV for
these displacements is 0.01-0.04 A. Finally, some of théhe singly charged pair, and 5.8 eV for the doubly charged
neighboring Hf ions move away from the defect site, with pair.
displacements of around 0.01 A. The ions further away As for calculations of zirconi&’ reaction 3 predicts
from the defect experience almost no relaxation. However, ategative U” behavior of an oxygen ion in hafnia, i.e., that
one can see in Table I, this relaxation does not significantlytwo isolated O species would decay into?0 and @. The

A. Defect reactions
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same is true for molecular species but with a much smaller
energy gain: reaction 8 shows that the oxygen molecule alsc
has “negativel,” and two O, species would decay forming | HfO, Conduction Band |
a doubly charged and a neutral molecule. This terminology

comes from Anderson’s model for semiconductors where this
effect is much more common than in insulatots® Experi-
mentally this means that atomic and molecular oxygen spe- siticon
cies in hafnia prefer to stay diamagnetic and will be difficult g;’:g 47 |276 |293
or impossible to detect using paramagnetic resonance. / 395
similar process for vacancies in reaction 4 shows a balancsilicon
between the different pairs for fourfold-coordinated and a;’Z,l,fj““F_;V*_Vm 5.06 5.7
slight energy gain of 0.2 eV for threefold-coordinated to (exp.)
form two singly charged vacancies. Again this is very similar |
to the results found in zirconia. However, in this case con- v
centration of paramagneti¢™ vacancies will strongly de-
pend on temperature. Molecular species also demonstrate 1 —C) —O °
tendency for charge transfer between the vacancies and ir *ro-
terstitial molecules. The doubly charged molecule and va- i

cancy pair is 3.2 eV lower in energy than the neutral pair 0 —
reaciions 6 and”

Finally we study some reactions with respect to changes ] . o
in the type of defect, rather than just the charge state. In these FIG- 11. Energy level diagram showing the electron affinities
reactions we consider two independent defects combining tfpr various defects in monoclinic hafnia. All energies are in eV.
form a different defect, where the energy of the perfect lat- . . _
tice, E8 [as in Eq.(1)], is included to conserve the number of electron at the bottom of Si conduction band with respect to

particles. Here we see in reaction 9, as discussed previouslﬁhe defect levels. In all cases the relaxed elect_ron states of
that it is energetically favorable for an oxygen molecule todefects are lower than the bottom of the bulk Si conduction
separate into two interstitial atoms. However, two singlyP@nd, suggesting the possibility of electron tunneling from
charged interstitial oxygen ions would like to recombine andSi- We should stress, however, that these results do not pro-
form a doubly charged interstitial moleculeeaction 11.  Vide !nformatlon regarding cross sections fpr electron/hqle
Also, we see that the calculations predict that all combinaifapping on these defects; they only predict the energies
tions of molecule and vacancy defect paiisactions 12—14  9ained by the process. Calculation of the probability of trap-
would “annihilate,” leaving only a neutral oxygen intersti- PINg requires a fu_rther study to determine the kinetics of
tial. The energy gain is less for the more favorable doublyelectron/hole trapping.
charged defect pair. These reactions are likely to take place Several other atomic and molecular charged defects were
during annealing of oxide in an oxygen atmosphere. also studied in this work, specifically;Q (0;)s, V5 , and

V, . However, each of these suffers from a limitation of the

calculation method. The charge density maps of the relaxed

B. Electron and hole trapping structure show that the hole/electron is delocalized over the

The calculated ionization energies and relaxed electroMhole cell and the one-electron energy spectrum is typical
affinities of various defects are summarized in Table I11.for a metallic state. The relaxations of the ions are also much
Large electron affinities clearly indicate that interstitial oxy- Smaller than for the equivalent oppositely charged defect.
gen species and charged vacancies may serve as traps fdts effect may represent an error in the kinetic energy cal-
electrons from hafnia conduction band. The calculated absgulated in Kohn-Sham theory, which favors delocalized over
lute values of relaxed hole affinities for Charged oxygen spel.ocalized defect Statég,_% and therefore these results were
cies are large due to the strong defect relaxation. The “verhot discussed in detail.
tical” values for these affinities are about 0.3 eV, in line with
what one would expect from the DOS and vertical ionization
energies.

To facilitate further discussion, the electron affinities are  We have studied the structure of oxygen vacancy and in-
also shown in a schematic energy diagram in Fig. 11, whicherstitial defects in monoclinic hafnia and considered their
can be used to estimate the electron affinities of these defecahility to trap electrons and holes from the conduction and
with respect to electrons from the bottom of silicon conduc-valence bands of hafnia. The results complement the results
tion band at the Si/HfQinterface. This is particularly rel- of previous similar works on zircoria and zircor?* The
evant for thin oxide films where electrons can tunnel fromqualitative defect models emerging from these studies are
the interface into defect stattsCounting from the top of very similar to those found in other materials. In particular,
the valence band of HfO(see Fig. 11, we can use a theo- oxygen vacancies in these materials have the structure and
retical estimat®® of the valence band offset at the interface properties similar to those d¥ centers in cubic oxidetee
and the band gap of $1.1 eV) to estimate the energy of an also discussion in Ref. 39Incorporation of atomic oxygen

VII. CONCLUSIONS
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species is more favorable than molecular ones. This resutirowth of silicon dioxide at the interfacd. Existence of
corroborates the experimental data on the isotope exchangharged defects may also affect the reliability of devices as
of oxygen species in zirconf4.Structural models of atomic they create electric field, which may shift band offset, and
oxygen species calculated in silfaand O, defects ob- produce dielectric losses. These problems certainly require a
served in MgO(Ref. 60 and SrO(Ref. 61) are qualitatively much more detailed study, including the mechanism of dif-
similar to those we find for hafnia: they bond with a lattice fusion of charged oxygen species in hafnia.
oxygen, forming a pair defect between two cations. Also in
analogy with silica, charged atomic and molecular oxygen
species tend to be more stable than neutral species when
electrons are available from the bottom of the conduction This research has been supported by the Academy of Fin-
band of hafnia. land through its Centres of Excellence Progrd@900—
The predicted possibility of electron transfer from silicon 2009. A.S.F. wishes to thank the Centre for Scientific Com-
into oxygen vacancies and interstitials will have differentputing, Helsinki for use of its computational resources.
consequences for the growth and annealing of hafnia film#.L.S. is grateful to Fujitsu and the EU Framework5 HIKE
on silicon. In particular, electron transfer from silicon onto project for financial support of this work. The authors wish
interstitial oxygen atoms creates charged oxygen ions, whictp thank V. Afanas’ev, G. Bersuker, A. Korkin, N. Petrik, A.
will become attracted to or repelled from the interface by theM. Stoneham, and A. M. Szymanski for useful discussions,
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