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Using ab initio density-functional total energy and molecular-dynamics simulations, we study the
effects of various forms of nitrogen postdeposition anifie®lA) on the electric properties of hafnia

in the context of its application as a gate dielectric in field-effect transistors. We consider the atomic
structure and energetics of nitrogen-containing defects which can be formed during PDA in various
N-based ambients: \N,", N, NHz, NO, and NO. We analyze the role of such defects in fixed
charge accumulation, electron trapping, and in the growth of the interfacel&i€r. We find that
nitrogen anneal of the oxides leads to an effective immobilization of native defects such as oxygen
vacancies and interstitial oxygen ions, which may inhibit the growth of a silica layer. However,
nitrogen in any form is unlikely to significantly reduce the fixed charge in the dielectri20G3
American Institute of Physic§DOI: 10.1063/1.1854210

I. INTRODUCTION was generally expected that a postdeposition an(fr2h)
would reduce the density of intrinsic defects. However, for
Transistor scaling, which enables continuous increase diighk films deposited on silicon, PDA usually results in a
performance of integrated circuits, has been generally facilidecrease of the effective capacitance of the gate stack. This
tated by a reduction in the thickness of the gate dielectric inlecrease was attributed to a spontaneous growth of the SiO
typical metal-oxide-semiconductor field-effect transistorspuffer layer between higk-and silicon substrate during the
(MOSFETS. However, a further decrease of the thickness ofhighk«  film  deposition and subsequent anneals
conventional silicon dioxidé¢SiO,)-type dielectrics leads to  (600—1000 °@, facilitated by the oxygen excess. The low
an unacceptable rise in the gate leakage current, and hencgality of the resulting interfacial SiQayer negatively im-
power consumption. Several possible solutions are undgsacts transistor characteristit'sn order to suppress the sub-
consideratiort,but one of the most attractive, which retains a oxide growth, nitrogen-rich ambients are preferable in PDA.
standard MOSFET design, is to replace $W@th a material  |n general, nitrogen incorporation into the Hf-based dielec-
of higher dielectric constarthigh k). The resulting increase trics was shown to provide several advantages, such as re-
in effective capacitance means that a thicker gate dielectrigucing boron penetration from the-type polysilicon gate
layer can be used, reducing gate leakage current, while prejectrodes, improving electrical performance, and increasing
viding comparable performance to a much thinner ;SiO stability of highk devices. Besides NPDA, several other
layer. The choice of a specific highmaterial is subject to  options were used to increase nitrogen incorporation in
rather strict electrical and process integration requirerﬁentaqf-based oxides, including remote nitrogen plasma*),m
eliminating most of the potential candidates, and presentlgmmonia(NHj), nitrogen monoxidéNO), and NO, as well
hafnium oxide based dielectrics are considered to be thgs nitrato- chemical-vapor-deposition procesSé8.How-
most promising from a practical standpoint. ever, the lack of understanding of the forms of nitrogen in-
In spite of recently reported succesSebe performance corporation and its effect on the electronic properties of the
of highk transistors requires further improvement to meetgielectric hampers further progress.
the industry needs for most of the potential applications. |n this paper we theoretically investigate the incorpora-
Most critically, highk devices suffer from poor channel ton of N,, N, NO, and NH species in different charge states
mobility*™ and instabilities of the threshold potentia).®  into the ideal and defective HfOcrystal. Specifics of the
It is understood that these drawbacks result from the highryctural and chemical composition of real films depend
density of structural defects in the higthims,™ in particu-  strongly on the deposition and PDA conditions. In particular,
lar, defects acting as electron trefﬁ)‘sl. These defects were 4 thin film deposited at relatively low temperatutggically
shown to form localized states in the band gap, wr)losae OCClyselow 500 K is in a metastable porous low-density state,
pancy may vary with the external chemical potentfal®It  often characterized by substantial nonstoichiometry. Signifi-
cant efforts have been recently made to resolve the atomic
¥Electronic mail: j.gavartin@ucl.ac.uk structure of the deposited filni$22 After PDA in oxygen
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(T>770 K), hafnia films on Si adopt the monoclinic
structure?>° This is in contrast with zirconia which may
crystallize into either a monoclinic or a tetragonal structure
depending on the film thickness and stoichioméjtrm this
paper we leave the problem of polymorphism aside and fo-
cus on monoclinic hafnia.

In broad terms, an optimal postdeposition anneal should
stipulate

 formation of densédpreferably amorphouysoxide films
with controlled thickness, high dielectric constant, and
high thermal stability;

« reduction of fixed charge and electron traps in the bulk
of the film and at the interface with $high electrical
stability);

« an effective control over the growth of the SiBGuffer
layer; and

« inhibition of the diffusion of charged species towards
the interface and into the channel region.

. Silicon VB

FIG. 1. Schematic figure showing the classes of defect levels with respect to
hafnia and silicon bands. The band offset for silicon is taken from Refs. 20

. . and 26.
In order to assess the effectiveness of different anneals,

we assume the following physical picture. After deposition ] .
and PDA, a hafnia film is crystallized into the monoclinic charge with respect to the lattice, they may become a
phase which may still contain a significant concentration of ~ Major source of the fixed charge.

oxygen vacancies and interstitials. In the significantly non-  Therefore, the efficiency of a specific PDA could be
stoichiometric films, either oxygen interstitialexygen ex-  judged by the integral effect of the resultant nitrogen-
cess$ or oxygen vacancie®xygen depletionwill dominate.  contained species on the bulk charge trap density and on the
Nitrogenous species introduced by PDA diffuse into the bulkmobility of oxygen, which may occur via the vacancy or
oxide and take part in the followingnot necessarily sequen- interstitial mechanisms’
tial) processesti) incorporation in the lattice interstitials or Although the model outlined above is certainly simpli-
replacement of lattice oxygen iongii) dissociation into fied, it will form a framework for systematizing the effect of
other species both in interstitial and in regular lattice sitesyarious nitrogenous species on the properties of monoclinic
and (iii) reaction with the existing oxygen vacancies andhafnia. It can be then refined to include other important ef-
interstitial oxygen species. fects, e.g., interface diffusion and segregation, impurity clus-
The nitrogen defects thus formed may be neutral withtering, etc.
respect to the lattice or themselves form fixed charge or In Sec. Il we give the details of the calculations. The
charge trap centers. This would depend on the position of theesults of the modeling of the effect of different anneal gases
corresponding defect levels with respect to the band edges afe presented in Sec. Il and discussion is given in Sec. Il
hafnia and silicon and with respect to the Fermi le(sde
Fig. 1). The latter in then-channel devices is located near the || CALCULATION PROCEDURE
silicon conduction-band minimuCBM). ) )
All the electrically active defects in the oxide layer can ~ Bulk hafnia at atmospheric pressure and low temperature

be qualitatively classified by the position of their levels with @S @ monoclinic symmetH{*® (space-groufP2,/c). At T
respect to the silicon band edges. =2000 K it undergoes martensitic phase transformation into
the tetragonal phasspace symmetr4,/nmg, and above

(A) Defects whose levels are resonant with the Si conducT=2870 K the cubic fluorite structure is most staképace
tion band. Under zero electric field and in the thermo-symmetryFm3m). The monoclinic structure is characterized
dynamic equilibrium, these levels are empty. However,by the two nonequivalent anion sublatticgsg. 1). In one,
such states are available for resonant tunneling at norexygen ions are fourfold coordinated, and in another they are
zero gate voltage, and thus may serve as electron trapghreefold coordinated. The equilibrium O-Hf distances

(B) Defects whose levels fall into the silicon band gap. Therange between 2.14 and 2.24 A in the former and between
electron occupancy of such defects depends on the p@.05 and 2.14 A in the latter sublattice. Relative energies and
sition of the Fermi level. These deep defects are restructural parameters of hafnia polymorphs are well repro-
sponsible for the Fermi-level pinning, and thus, for theduced within the density-functional theo(lFT) approach,
high threshold voltages. Also they may contribute intoas discussed in Ref. 16.
the threshold potential instability and, to some extent,  All the calculations were performed using the VASP
to a fixed charge problem, since the charge relaxatiomode®®*°implementing spin-polarized DFT and the general-
time on such defects may be macroscopically slow. ized gradient approximation of Perdew and W&hgnown

(C) Defect states resonant with the silicon valence band aras PW91. The plane-wave basis set was used in conjunction
expected to be occupied, and, depending on theiwith the ultrasoft pseudopotentials of Vanderbilt-t)?ﬁé[he
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standard pseudopotentials, as supplied by Kresse and
Hafner?® were employed for hydrogen, hafnium, nitrogen,
and oxygen with the valence charges of 1, 4, 5, and 6, re-
spectively.

The calculations were made in a 96-atom unit cell,
which is a 22X 2 extension of the 12-atom monoclinic
primitive unit cell. We used twd points in the irreducible
part of the Brillouin zone, a cutoff energy of 400 eV and the
cutoff for augmented charges of 928 eV for atomic relax-
ation and total-energy calculations. The total energies of the
charged systems were corrected for the spurious electrostatic
interaction arising from the periodic boundary conditions us-
ing the compensating background apprdachas described
in the Appendix. The atomic positions were optimized to the
accuracy in atomic forces typically below 0.03 eV*A
which corresponds to the nominal accuracy of the total en-FIG 5. Structure of neutral nit orctitial molecule in hafhia. The |
ergy to W|th|n 0002 eV. . 2. ructure of neu ra. ni r<_)gen Interstitial molecule In harnia. e lons

To test the stability of atomic configurations optimized ¢ color coded as follows: white—H, grey—0, black—N.

in static calculations and to extract dynamical information,

such as diffusion paths and vibrational frequencies, we caduantify this, we consider the energetics of solid-state reac-
ried out an extensive set of Born—Oppenheimer moleculartions of the typeAB«— A+B, as described in the Appendix

dynamics(MD) simulations using VASP. In these simula- [Eq. (A2)]. In further discussion we treat a molecular defect
tions we usedk=0, a 300-eV energy cutoff, a constant AB as thermodynamically unstable if its dissociation into the

volume, energy, and a number of particlé8/E) algorithm  ProductsA andB is exothermic.
with a time step of 1 fs. This assured a total-energy drift of

less than 0.05 eV @ =600 K for a typical MD run of 5 ps. ll. RESULTS OF CALCULATIONS
The supercell volume in all calculations was fixed to its 0 K

: 6
theoretical value! _ . performed using a variety of gas souro@snbient, and
For each charge stateof a candidate defe¢D) we first  genending on the chemical composition, pressure, and tem-

determine its geometric structure and formation or iNCorPOperature, different products may occur in the bulk film. Here
ration energy[G(D] using the static DFT calculations. e consider each PDA ambient in turn, and predict the likely

Given the macroscopically long defect diffusion and charg&esyitant defects and their effects on the properties of the
relaxation times,we believe that the defect equilibrium free gyige.

energies do not necessarily reflect relative concentrations of
various defectgeven if the Fermi level and atomic chemical
potentials were well defingdThus, we do not discuss free
energies, but rather assume initially that all energeticallyl' N2
stable charge states are possible, and then discuss most prob- The experimental dissociation energy of a iolecule
able charge states considering various defects at equilibriunm the gas phase is9.9 eV (Ref. 3§ (10.0 eV in our DFT
The position of defect electrical levels with respect tocalculation$. Thus, no N dissociation is likely to occur at
the band edges of hafnia and silicon determines the stabilitthe surface, and molecular nitrogen is expected to diffuse
of a defect in a particular charge state as well as its ability tanside the bulk oxide. Indeed, as we show below, even trap-
trap or release an electron. First, we calculate the vertical anging of extra electrons or interaction with oxygen vacancies
relaxed defect ionization energigig(D9) ] and vertical elec-  does not lead to a spontaneous dissociation pfmdlecular
tron [ x(D9] and hole[ x,(DY] affinities defined as the ex- species inside the oxide.
citation energies between the defect states and the corre- The equilibrium configuration of the neutral interstitial
sponding band edges of H§OThese quantities explicitly nitrogen molecule is shown in Fig. 2. The incorporation en-
depend on the defect's charge state, and their calculatioargy for this configuration with respect to, W the gas phase
involves combination of the total energies of the system ins ~3.0 eV per nitrogen atom. It is seen in Figs. 2 arid) 3
different charge states, as proposed in Ref. 14 and outlined ithat the interstitial N does not form a bond with the lattice
the Appendix. Next, we align the calculated electrical levelsoxygen but rather incorporates in the interstitial space near
of defects with the silicon bands using experimental bandhe threefold-coordinated oxygen site. This is in contrast
offsets between bulk Hf©and silicon measured using inter- with the O, molecule, which makes @ovalent bondvith the
nal photoemissiof’?°In this approach we neglect the effect lattice anion*
of band bending near the interface on the position of the The interstitial N molecule has a positive affinity to two
electrical levels of defects and their trapping capability. electrongdefect electron affinities are given in Tab)e The
Towards the full picture of possible products of incorpo- localization of the first extra electron on the, Mterstitial
ration of nitrogen, we examine all possible dissociation chan{N," radica) results in the outward relaxation of the nearest-
nels for nitrogenous molecular species in hafnia matrix. Toeighbor oxygen iongcf. O—N distance of 1.96 A in IZ\?

As discussed previously, nitrogen-based PDA can be

A. Molecular nitrogen
incorporation
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2.5 TABLE |. Vertical ionizational potential (D), relaxed electrory(D), and
2.0 vertical holey,(D) affinities (in eV) of defects in different charge states in
1.5 m-HfO, calculated according to Eq6A3)—A5). The band-gap energy cor-
1.0 rection for thel (D) andy(D) is k=1.76 eV, and foi,,(D) it is zero(see the
0.5 Appendi¥y. The subscriptO indicates the substitution in the three-
c.0 coordinated oxygen site.
-0.5
—1.0-3 D I,(D) Xe(D) xn(D)
-1.5 N- 5.0 0.7
= N° 5.3 42 0.3
—2:.5 ’ ' '
N* 5.6 4.1 0.1
N2+ 50
2.5 N, 4.2 15
2.03 N,~ 4.3 34 1.3
1.53\ N2 3.3
1.03-7/ NOP 4.8 4.4 0.7
0.5 Ng 5.2 0.5
0-03 NY 5.6 4.6 0.1
-0.54 N 5.2
-1 AO% A (Nz)(_) 3.9 1.7
—2-5-"'I"'-'vl"“l""l""l" (NZ)O >

2 -1 0 1 2

evaluated by considering the relative electron affinities of

various defects, and answering the question: given the fixed
number of electrons, on which of the defects they are more
likely to reside? This question can be resolved by consider-
ing the electron exchange reactions between the pairs of in-
finitely separated defects, as presented in Table II.

Consider for example the oxygen Frenkel pain inter-
stitial atom and the vacangylt is evident from reactions 1
and 2(Table 1) that in the overall neutrah-HfO, the zero-
temperature equilibrium state corresponds to the doubly
positively charged vacancies and doubly negatively charged
FIG. 3. Charge density two dimensior{@D) slices around various nitrogen  interstitial oxygen atoms. Next, considep Mterstitial mol-
defects in hafnia(a) plane through an interstitial nitrogen molecule and a ecules. Reactions 3—@able Il) suggest that they are more
three-coordinated oxygen atorth) plane through a neutral nitrogen inter- electronegative than anion vacancies. Therefore, in oxygen-
stmgl_, three-coordlngted oxygen, _gnd hafniufo) pl_ane through a single deficient films (high concentration of vacanciesitrogen
positively charged nitrogen interstitial and two lattice oxygens. The coordi- . ) 4 4
nate axes are given in angstroms. molecules will be predominantly doubly negative, while the
vacancies remain doubly positive.

In the case of oxygen exceskrge concentrations of

.5 =t n%.Irﬂn'....I'L‘.

2 -1 0 I 2

and~2.20 A in N,"). The corresponding relaxation energy . o X : i
is ~1.2 eV. The second extra electron is also strongly |Oca|_|nterst|t|als), the relative charge state is defined by the energy

ized on the Nz— molecular ion. This further increases the balance in the reactions 11-{Bable lI). It follows that in-
O—N distance to 2.34 A with a relaxation energy of 0.6 therstitiaI oxygen ions are more electronegative than nitrogen

with respect to the ) geometry. Interestingly, a holé@n mole_cules. I_—|0wev_e_r, as discussed_ abovgf'! i not stable,
absence of the electrbin HfO, will not localize on the N so nitrogen interstitial molecules will remain largely neutral

interstitial, owing to the fact that the last occupied orbital of M th'? case. ,
the molecule is well below the valence-band maximum  Finally, reaction 21(Table I) suggests that neutral and
(VBM) doubly negative N interstitials are only marginally prefer-

able over the Iy
The energetics of the electron exchange reactions con-
2. Thermodynamic considerations on the likely sidered in Table Il allows us to narrow down the range of
charge states relevant association/dissociation reactions between various

We have established that interstitial nitrogen moleculed@irs of defects considered below.
may have multiple charge states, whose occurrence at ther- ) o N )
modynamic equilibrium is defined explicitly by the electron S N2 reactions with interstitial oxygen species
chemical potential. The latter depends not only on the exter-  First, we observe that the interstitial oxygen molecules
nal potential but also on the concentrations and electricalO,) are either marginally stable or unstable in any charge
levels of all other defects present in the lattice. In this casestate(reactions 1-4, Table Il Therefore, we conclude that
the problem of the possible defect charge states may bexcess oxygen is present only in the form of atomic intersti-
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TABLE II. Electron exchange reactions for defectairHfO,. The energies are calculated in the assumption of
infinitely separated defect&> 0 indicates exothermic reaction along the arrow.

No. Reaction EnergyeV)
1 O°+\VP0 O +V* 1.1
2 O°+\VO0 O +V* 2.4
3 N9+VO[ N, +V* 0.5
4 NS+VOO Ny +V* 0.7
5 NO+V* O N, +V* 0.1
6 N, +VO0 N, +V* 0.6
7 N*+VO NO+V* 1.3
8 NO+VO N™+V* 1.4
9 NH,"+VO0 NH;+V** 15
10 HY Vo0 H+V* -0.4
11 N, +O"0 N, +0° -0.5
12 N, +O 0 N3+O™~ 1.2
13 N, +0°0 N3+O~~ 1.7
14 N°+0°0 N*+O~ -0.2
15 N°+O~[0 N~+0° 0.3
16 N +O 0 N°+O~ 0.3
17 N*+O~0 N*+O~ 0.6
18 N**+0"0 N*+Q° 1.2
19 MO VOV 0.3
20 200 O%+0™" 0.6
21 2N, 0 N3+N;~ 0.1
22 2N°0 N*+N- 0.1
23 2NHO NH," +NH,” 2.8
24 2HO HY+H- 2.7

tials. As demonstrated in Refs. 14 and 37-39, an interstitiaihat of the oxygen. Disregarding also reactions involving un-
oxygen atom forms a dumbell-type configuration in silica,stable initial or final charge states leaves only one possible
zircon, zirconia, and hafnia where an oxygen atom effecassociation reactiofreaction 5, Table I, which is endo-
tively incorporates into the MeO—Mebond (Me is Si, Zr, thermic. Therefore, the formation of neutraj® interstitials
or Hf ion) forming a Me-O—-0O—Meconfiguration with an is unfavorable. Similarly, it is kinetically unlikely that inter-
O-0 covalent bond1.5 A in HfO,). stitial NO is formed from N molecules, since all reactions
Second, it follows from the calculations that both&hd  involving N, dissociation(e.g., reaction 6, Table llare
oxygen interstitials may accept charge states 0, —1, and —&rongly endothermic. The fact that the kolecules do not
with respect to the lattic€Table |). Their likely association bond to the interstitial oxygen atoms suggests that molecular
product, the MO interstitial, is stable only in charge states nitrogen is ineffective in inhibiting diffusion of highly mo-
(+2, +1, and . Next, it follows from the electron exchange bile oxygen interstitiafS and in preventing them from mi-
reactions shown in Table [11-13 that oxygen interstitials gration towards the interface. This finding is consistent with
are more electronegative than nitrogen molecules. Thereforéhe experimental evidence that oxygen-abundant deposition
relevant reactions involving Nand O must have nitrogen techniques lead to the formation of the Siuffer layer at
molecules in the charge state that are not more negative thahe HfO,/ Si interface, and that the \PDA does not signifi-
cantly affect its thicknes$?

TABLE lIl. Energetics of the association reactions of nitrogen and the in-
terstitial oxygen inrm-HfO,. E>0 denotes an exothermic reaction along the

arrow. 4. N, reactions with oxygen vacancies

In the case of substantial oxygen vacancies concentra-

No. Reaction Energ¥eV)  tion in the film, the N interstitial species can interact with

1 20°0 09 -1.0 the vacant oxygen sites and passivate them. Based on the
2 o°+0°0 0, -0.3  previous calculation¥*'®we assume three-coordinated OXy-

3 200 6, 0.7 gen vacancies to dominate. We consider the stability of ni-
4 0°+00 Oy 0.0  trogenous species in the three-coordinated anion lattice sites
5 (N)+0°0) (N0) —0.9  with respect to the infinitely separated interstitial species and
6 ('\LZ”OOOD (NO)+N 21 the oxygen vacancy. Furthermore, we recall that nitrogen in-
; E—:gog ((Eg; 1(2) terstitial molecule is more glectronegat_ive than the oxygen
9 NO+0 0] (NO)- 16 vacancy(see Table I)| and discuss reactions mvolvmg_ dou-

10 N*+0°0] (NO)* 15 bly charged vacancie®/*") as the most thermodynamically

probable. The corresponding reaction energies are summa-
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TABLE IV. Energetics of the reactions of some interstitials with a neutral TABLE V. Reaction energies for Nin m-HfO,. The energies are calculated
threefold-coordinated oxygen vacancy. The subs@iptenotes the specie in the assumption of the infinitely separated produ&s:0 denotes an
incorporated into the oxygen vacancy. Energies are calculated in the agxothermic reaction along the arrow.

sumption of the infinitely separated vacancy and interstitial in the initial

(left-hand sid¢ state.E>0 denotes an exothermic reaction along the arrow. No. Reaction EnergyeV)
No. Reaction Energy 1 NSO 2N° -3.1
2 NSO N*+N- -3.1
1 N "+V7 0 (N 5.1 3 N, 0 NO+N- -22
2 N, +V 0 (NS 4.7 4 NZ"0 N™+N- -1.1
3 N;"+V*O (Na)o 5.4 5 (N30 (N)o+N* -2.9
4 N™+V** 0 N§ 2.2 6 (NS0 (N%)o+NO 34
5 N™+V*O N 4.3 7 (N2 0 (N*)o+N- -4.4
6 N%+V*0 N 33 8 (Np50 (N)o+NO -21
7 NO+VO0 Ng 5.7 9 (Ny)5 0 (NO)o+N- -25
8 N™+V°0 N 6.1 10 (ND50 (N)o+NO -4.7
9 (NH,)*+VO0 (NH,)5 6.9 11 (N0 (NO)o+N* -3.6
10 (NH)O+VOT (NH)Y 6.6
11 (H)*+Vo0 HY 2.7

We note that the reactions involving different charge
states of the vacancy can be readily calculated but they are
Jikely to be even more exothermic due to a less stable left-
g51eand sidgle.g., reaction 3, Table IV

rized in Table 1V, where the subscrift denotes the specie
incorporated into the oxygen vacancy. Note, that the supe
script denoting the charge state corresponds to the char
with respect to the latticewhich differs from the molecular
charge in the case of the substitute molecules. For exampl8; Atomic nitrogen
the charge localized at the,Nnolecule(nuclear plus elec-
tron) in the right-hand side of reaction(Table 1V) is -2, so
this defect is isovalent to the host Oion, and thus, isieu-

As already mentioned, a dissociation of the molecule
in the gas phase costs about 10 eV. However, this energy is
; . >t . ; greatly reduced in the bulk of hafnia crystal. Table V sum-
tral with respect to the lattice. SimilarlfNa)g in the right- 41765 a1l possible reactions which would lead to the disso-
hand side of reaction LTable IV) denotes the N substitu-  ¢jation of N,. In reactions 1 and 2Table \) we see that
tion, which is in a charge state +1 with respect to the lattice yisgociation of the neutral molecule within the crystal is still

One can see that most of the stable interstitial speciegndothermic, requiring about 3 eV for both neutral and
react with the preexisting anion vacancies with a very S”bbharged products. The dissociation energy of thd Nno-
stantial energy gain. Reactions 1 an(rable IV) correspond lecular ion, although smaller, is stit-1.6 eV (reactions 3

to a formation of N molecule at the oxygen site, which is 54 4 Table V. Thus, even without considering the reaction
structurally similar to the O—N complex formed by the ni- paqiers the dissociation of the nitrogen molecule seems

trogen atomic interstitigsee below and Fig.(B)]. Itis in- pighiy unlikely even at elevated temperatures. We also find
teresting to note that théNy)o is stable in three charge ¢ “similarly to the N interstitial species, the Nspecies
states, +1, 0, and —1. It is evident that the formation of the,nned by oxygen vacancies are stable with respect to dis-
negative(N,)o substitution involves either preexisting neu- ¢yciation. The corresponding reactignsactions 5-11, Table
tral vacanciegvacancies with two trapped electronsr an V) refer to N, species in the oxygen vacancy on the left and
electroris) trapping by the neutral substitution. Although (4 one of the product species in the vacancy and another in
such processes are even more energetically favoX@bie, e interstitial position on the right. As one can see, all dis-
reaction 3, Table IV, they m_|ght be kmetlca”y+ inefficient  gociation reactions considered in Table V are endothermic,
due to thimuch lower mobility of th&° and V* as com- hence, trapping of Nin the oxygen vacancy does not sig-
pared toV™. nificantly reduce its dissociation energy. From this, one may

~ Adding/removing an electron to/ffrom théNa)o just  jnfer that after N PDA, the concentration of atomic or ionic
increases/decreases the N—N bond length and decreaSﬁﬁ{,ogen in the bulk film will be negligible.

increases the nearest-neighbor Hf—N bonds. The electron af- qvever. atomic nitrogen can be introduced into the

_finity qf_ N, at the oxygen vacancy is similar to that of the system by the plasma-assisted nitridaltFofN +), or using
interstitial molecule(Table ). metal-nitride precursors in the film depositichTherefore,

The energy gain in the interstitial-vacancy reactions,ye consider next the energetics of the atomic nitrogen spe-
shown in Table IV may be compared with the formation .joq

energy of the oxygen Frenkel pair in different charge states
[8.1, 7.0, and 5.6eV for the(\V°-Q%, (V*-O7), and
(V**-07) pairs, respectively]. It follows that, although the
substitution of site oxygen ions by nitrogen molecules is en-  The interstitial nitrogen atom in its ground-state configu-
dothermic, the substitution energies can be as low as 0.4 ekAtion makes a covalent bond with the threefold-coordinated
(as for N,” molecular ionj so the processes involving oxy- lattice oxygen. This “dumbbell” structure is similar to that of
gen replacement by nitrogen are possible at elevated tenthe interstitial oxygen atom discussed previously in zirdon,
peratures. zirconia®® and hafniat* The structure of the defect is shown

1. N atom incorporation
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~1.3-1.4 A. Interestingly, in this configuration there is no
clear distinction between the interstitial and the site
oxygen—the local symmetry for both oxygen ions remains
similar. The energy gain in the reactions of charged oxygen
and nitrogen interstitial atoms is even greateractions 9
and 10, Table Ill. Note, however, that in contrast with,N
the electronegativity of the atomic interstitial is very close to
that of the oxyger(reactions 14-18, Table)llso N and O
interstitials are expected to have similar charges.

The stability of the interstitial NO molecular species
suggests that atomic nitrogen may play an important role in
immobilizing fast-diffusing oxygen interstitials, especially
O7, thereby inhibiting the growth of the unwanted $iiD-
terfacial layer during anneal.

3. N reaction with oxygen vacancies

FIG. 4. Structure of neutral nitrogen interstitial in hafnia.

In considering reactions with vacancies we recall that the

o _ o _interstitial atomic nitrogen may accept the charge states +2,
in Fig. 4, and the corresponding electron density is depicted 1 o and -1, the anion vacancy +2, +1, and 0, and the

in Fig. 3(b). The electronic ground state is a doublet. This iSatomic nitrogen substitution +1, 0, and ~1. We also take into
in contrast with atomic nitrogen in vacuum, whose quadru-account the result that the nitrogen interstitial is substantially
plet ground state is aimost 3 eV lower than the doublet. Afmgre electronegative than the vacancy, so the relevant reac-
agjd|t|onal ?'?C”O” also ful!y Iocal'|zes on the O-N bondjons involve nitrogen in a charge state not more positive
with an affinity of 4.3 eV, increasing the bond length by than that of the vacancy. These considerations leave five rel-
about 0.1 A. The relaxation energy after the electron trapayant reactions shown in Table Iveactions 4-2 Similarly

ping is about 1.2 eV, compared to over 2 eV for interstitialyg N, atomic nitrogen passivates the neutral vacancy with an
oxygen. In contrast to the Nmolecule and an atomic oxy- eycess energy in the range of 2—6 eV. One should also ex-
gen, the atomic nitrogen mterguuql has no affinity for a sec-pect the vacancy passivation by atomic nitrogen to be more
ond electron. However, atomic nitrogen is also stable as @ffective kinetically due to a higher mobility of atomic ver-
positive ion. The local relaxation in this case is distinctly 5,5 molecular nitrogen. Notice, however, that for the same

different [Fig. 3(c)]. The nitrogen—oxygen pair is Now Very reason reactions involving** will be faster than those with
electron deficient, and in fact, nitrogen forms a weak bond,+ or \/ a5 discussed before.

with a second lattice oxyge(N—-O bonds are 1.46 and The nitrogen atom incorporation into the vacancy causes
1.59 A). This is accompanied by an energy gaimaf.2 V. marginal outward relaxation of the three nearest Hf ions. A
Removal of another electron forces the nitrogen t0 a sympjtrogen atom at a vacancy has the highest electron affinity
metric position, with two strong equivalent bon@s40 A o any of nitrogen defectésee Table )l The addition of an
to lattice oxygen sites and an energy gain of 0.6 eV. Thugjectron(in other words N incorporation causes the N—Hf
interstitial atomic nitrogen may exist in monoclinic hafnia in pong lengths to become smaller than the O—Hf distance in
four stable charge statés2, +1, 0, and —L the perfect lattice. The corresponding relaxation energy is
about 0.6 eV. For N substitution the reverse relaxation oc-
2. N reactions with interstitial oxygen species curs, i.e., the bond lengths increase, but with a similar energy
_ o _ gain.
In contrast with the Bl an atomic nitrogen binds to an An interesting and potentially important feature of both
oxygen _mterstmal with an energy gain of around 1.0-1.5 Vi nitrogen atom and molecule incorporated in an oxygen
depending on the charge staeactions 7-10, Table )l e js that both species can exist in the negative charge state.
This process is associated with the breaking of the O—Grnis means that the oxygen vacancy with N or iN it can

bond of the dumbbell and formation of the BlQuasimole-  gftectively accommodate three electrons and the third elec-
cule[Fig. 5(b)]. The O-O distance isnow2.2 A(cf. L5 A 4 is strongly boundsee Table )L

in the neutral dumbbéfh, while the two N-O bonds are On the other hand, our DFT calculations do not predict

any electron affinity for the neutral oxygen vacancy in hafnia
(see Refs. 14 and 40 for discussiomhus the formation of
negatively charged centers is stipulated by the large electron
affinity of nitrogen species. Together with interstitial nitro-
gen species, these centers can serve as deep electron traps
and be responsible for the negative oxide charging.

However, the existence of negatively charged nitrogen
species may have also some positive effect as they interact

FIG. 5. Structure of nitric oxide interstitial molecule in three charge statesWith prOtons-_ For example, reaction Fable \(l) C|ef_ir|y
+1 (a), 0 (b), and -1(c). shows that it is energetically favorable for the interstitial N
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TABLE VI. Energetics of the dissociation reactions for ammonia and its HI(D) HE(D
products inm-HfO,. The stable configuration of a proton corresponds to a S SL R v
bonding to the three-coordinated oxygéh>0 denotes an exothermic re- O prel ) =2 Of}'—Q ‘&; =>§)k
action along the arrow. Hi() Hf@)  HID Hf(2) ) 1) Hf@3)
No. Reaction EnergyeV) 1

1 (NH3) O (NHp)™+H* -0.8

2 (NHs) O (NH)+H, -16 ~

3 (NH,)~O (NH)O+H" -1.7 =) Hf)

4 (NHo)* O (NH)%+H* -0.3

5 (NH)O N~ +H* -0.8 O

6 (NH)*O (N)O+H* 0.1 (a)

FIG. 6. Equilibrium configurations for the ammonia molec{agintact NH;
and in(b) locally dissociated form: NET+H* (more stable by 0.7 eNThe
to trap the proton and form a neutral NH interstitial. Sinceoxygen ion accepting the protomarked as )l moves off the lattice site

atomic nitrogen has a high electron affinity and is Iikely toindicated by “X.” The insets of the figure illustrate the vibrational modes

L . . . nvolved in (a) “umbrella” mode assisted j ft) and “swinging” mode
exist in the negative charge state, this provides a method féd[v ved In(@ "W isted jumileft) winging

ssisted jumgright) of the NH; molecule.
removing excess charge in the oxide due to protons—a prob-
lem often seen in experimental studidsdowever, the small
energy gain of —0.6 eV for the reaction implies the possibil-
ity of some NH dissociation at higher temperatures. Apart from its usage for PDA of hafnia films, incorpo-
ration of ammonia into oxides is an interesting example of a
complex molecular defect. We shall start with the assumption
that ammonia incorporates into the monoclinic hafnia lattice
C. Properties of NO and N ,0 in hafnia intact. However, we shal! see that ;uch §tates are metastable
and more stable dissociated configurations exist. The fact
Our calculations of the interaction of N and, With  that the molecule is hydrogen rich prompts the possibility
excess oxygen in the oxide have established that a NO intethat some hydrogen-related defects can be formed. In fact
stitial binds with lattice oxygen sites. Reactiorn(Eable Ill)  protons have been implicated in hole trapping in hafnia films
viewed from right to left clearly suggests thaj®molecules  and at interface¥’ Therefore, we pay particular attention to
are likely to dissociate into neutral or chargegidpecies and possible dissociation paths of ammonia in hafnia.
oxygen interstitials. It is likely that nitrogen dioxid&O,) In contrast to the molecular species discussed previously,
will also dissociate to produce NO and oxygen interstitials.ammonia is a nucleophilic molecule and it binds to lattice Hf
Therefore, PDA using nitric oxide, dinitric oxide, or nitrogen jons. The stable configuration corresponds to the ionic Hf—N
dioxide ambients will not be efficient in trapping oxygen andbond aligned approximately alori§11)-type directiongFig.
in preventing the growth of a Sitbuffer layer at the inter-  6(a)], with the C; axis of the ammonia molecule aligned with
face. this bond. The equilibrium Hf—N bond length is approxi-
According to our calculations, the NO interstitial is a mately 2.1-2.2 A. The next nearest-neighbof3jfion lies
deep center with an ionization potential and e|eCtI’0n/hO|ea_pproximate|y on the same axis and is separated from the
affinity similar to those of the N interstitialcf. Table ). nitrogen core by only 2.5-2.8 A.
Being an open-shell molecule, it is also stable in three charge To understand the mechanism of diffusion of ammonia
states(+1, 0, and -1 The positive or negative charging of inside the lattice one needs to analyze its vibrations. The
this molecule is associated with a large and not trivial latticemolecule’s thermal motion involves primarily four distinct
relaxation(Fig. 5. As discussed in Sec. Ill B 2, a NO inter- groups of modes: stretching of the (#f—N bond(S), libra-
stitial bonds to the three-coordinated lattice oxygen, formingion of the H{1)—N bond(L ), rotation of the NH around its
a NO%"-Iike configuration at the site. The orientation of this C; axis (R), and the ammonia’s so-called “umbrella’ mode
configuration is strongly coupled to its charge state. Thqu) [Fig. 6@a]. Two nearly degenerate L-type modes have
ONO angle also changes from 115° for a positive moleculerelatively low frequencies and manifest themselves by large
to 108° for the neutral, to 103° for the negative molecule.amplitude “swings” of the Nk molecule, in which theC,
The relaxation energy upon ionization is 1.3 eV, and thatxis of the molecule remains collinear with the (BN
upon an electron trap is1 eV, confirming the strong struc- bond. These swings are coupled to the R-type rotations of
tural rearrangement. similar frequencies, so the directions of the N—H bonds of
The NO and NO molecules can interact with anion va- the molecule may adjust to a local environment. This
cancies by incorporating with their oxygen end into the va-L-R-type thermal motion remains reversible until @gaxis
cancy. The structure of the resulting defects is equivalent tis aligned with the Hfl)—Hf(2) direction. Once the
that of atomic and molecular nitrogen interstitials discussedf(1)—N—Hf(2) bonds are aligned, the S-mode softens, so a
earlier. swap between the short and long Hf—N bonds becomes pos-
Molecular NO interstitials may also dissociate accordingsible. As seen in the inset of Fig(é, such molecular hops
to reactions 7-1QTable 1ll) viewed from right to left. How- are controlled by the S and U vibrations of ammonia and
ever, this process is considerably endothermic. involve only a small nitrogen displacement of under 0.4 A.

D. Incorporation, diffusion, and dissociation of NH 3
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II), which is only stable as a proton or a negative ion in
hafnia (see Refs. 42 and 43 for discussion on hydrggen
Depending on the charge state, the dissociation of Ridy
lead to the formation of a neutral nitrohydrate and a negative
or positive hydrogen ioffreactions 3 and 4, Table YIBoth
reactions are endothermic by 1.7 and 0.3 eV, respectively.
Despite the apparently low dissociation energy, our MD
simulations aff =500 K shows that the Nji ion is stable—
indicating that the dissociation barrier may be high.
Depending on its charge state, the Nivolecule binds
to the lattice quite differently. The N ion is isoelectronic
to the OH radical. Therefore, as expected, its most stable
configuration is similar to the interstitial Ottenter, as re-
The activation energy of the umbrella mode~i§.1 eV(gas  ported for monoclinic zirconid® NH," binds to three Hf ions
phase dafd), so frequent Ni hops between few shallow with a bond length of around 2.3 fFig. 1(@)]. In contrast,
minima are readily observed in the MD simulations even athe NH," ion makes an ion-covalent bond with a three-
T=300 K. An alternative mechanism of ammonia hops hagoordinated oxygen iofO—N distance is 1.4 Rand an
transient states between the oxygen-bridged Hf afth&l) ionic bond with only one of the cationd\—Hf distance is
and H{3) in Fig. 6a)]. This involves directS-L-type cou- 2.2 A) [Fig. 7(b)].
pling [see inset of Fig. @] and has a higher activation Further dissociation of Njmay lead to the formation of
energy. Despite being fairly frequefdt least one event in NH species. Calculations predict NHo be stable, while
1 ps atT=300 K), S-U- and S-L-type hops do not contribute NH™ is unstable with respect to electron donation to the CB,
to molecular diffusion, since in such hops the molecule doe@nd NH" is unstable with respect to proton relegseaction
not leave the original HfQinterstitial cage. 6, Table V). NHC molecule forms a dumbbell configuration
We have been unable to find a diffusion path for thewith a three-coordinated lattice oxygen similar to N intersti-
whole NH; molecule. In fact, further calculations show that tial (N—O distance is 1.47 A The equilibrium anglm is
the ammonia molecule in the-HfO, [Fig. 7(a)] is meta-  107° but is soft. Finally, dissociation of NHs energetically
stable and dissociates into WHand a proton. The compact unfavorable, as discussed previou@igaction 5, Table
(NH,"—H") pair is best described as an BHon replacing The presented results suggest that the likely final prod-
an oxygen ion in a three-coordinated site, while the displacedcts of ammonia PDA are NfA, NH?, as well as hydrogen.
oxygen traps the proton and relaxes towards the volume inFhe latter is stable either as a proton or as a negative ion. The
terstitial position Fig. 7(b)]. The energy of this configuration detailed dynamical behavior of hydrogen will be discussed
is by ~0.7 eV lower than that of the associated molecule elsewhere. N5 and NH species are unable to trap intersti-
However, the energy barrier between the two configurationgial oxygen. This agrees with experimental studies showing
is substantially higher than thermal energies. This is reflectedn increase in interface Sj@hickness during NEIPDA. In
by the fact that the molecular Nftonfiguration at 300 K is  addition, NH,~ and NH (but not NH,") can react exother-
stable during the entire MD rufat least 6 ps However, at mally with the existing anion vacancig¢see reactions 9 and
T=600 K, which is still below usual PDA temperatures, the10, Table I\J. The resultant defects create electronic levels
dissociation occurs typically within 1-2 ps. near or inside the valence band of hafnia. Therefore, unlike
Stability of the dissociated configuratidiFig. 7(b)] is ~ atomic and molecular nitrogen species trapped in oxygen
stipulated by the fact that the OHor NH,) bonds are Vvacancy, N§™ and NH substitutions are stable in only one
stretched by the large electrostatic potential gradient near theharge state.
anion site. Dipole fields of the N and OH shearing a
single site, mutually counterbalance the crystal-field effect,
and stipulate stronger proton bonds and local neutrality. Cony, piscussION
sequently, although the initial NF—H* dissociation be-
tween states andb is exothermic, an infinite separation of Our calculations identified the most stable nitrogen-
H* and (NH); is endothermic by 0.7 e\freaction 1, Table containing species and the corresponding energy levels with
VI). The latter can be achieved, e.g., by proton diffusion byrespect to the band edges of the monoclinic hafnia. It is
hopping between the three-coordinated oxygen ifdfig. revealed that most of the stable nitrogen-contained products
7(b)]. An alternative dissociation path, resulting in the for- (as well as intrinsic defecktsnay have multiple charge states
mation of a neutral molecular hydrogen and Nidaction 2, depending on the availability of the electrons in the system.
Table VI), is substantially less energetically favorable. In the MOS architecture the main source of electrons in the
When separated from the proton, the NHadical may dielectric is the channel silicon and poly-Si or metallic gate.
change its charge state when an external potential is applie@herefore, to identify the most likely charge states, the cal-
Our calculations suggest that this molecule can be eithetulated electric levels of defects must be aligned with the
positive or negative, while the neutral configuration is ther-silicon bands. Such an alignment is illustrated in Fig. 8,
modynamically unstable at any value BE (reaction 23, where the electric levels are adjusted to the experimental
Table 1l). The same applies to hydrogé@raction 24, Table band-gap energy as described in the Appendix, and the ex-

FIG. 7. Equilibrium configurations of the NHnterstitial: (a) NH2 and (b)
NH,".
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vacancies may belong to a type i.e., be resonant with the
Si CB. Therefore, they may act as shallow traps. Accepting
this as a working assumption, the role of nitrogen PDA with
regard to the shallow trap problem reduces to the effective-
ness of the incorporation of nitrogen species into anion va-
cancies.

Nitrogen incorporation into the oxygen vacancy sites
leads to the lowering of the defect levels, making them less
active as electron traps. In this respect, all the considered
PDA will reduce the shallow trap concentration, although to
a different extent as discussed before.

However, another shallow trap candidate could be a
small radius electron polaron in the form of¥fon, similar
FIG. 8. Electron affinities of various defects in hafnia, given in both vertical to the_ lejr center_s observed in zircon‘lé.‘l_’he electron S_elf'
and deeper, relaxed forms. All values are in eV. trapping if effective may present a serious problem in the
highk MOSFETs. However, our density-functional calcula-

perimental band off-sets are used for the valence and th#ons do not predict this defect as stable, possibly due to the
conduction band®26 Here we consider the main effects Known limitations of local approximations regarding local-
caused by these defects. ization problent® Therefore, we leave the problem of small-

polaron-assisted trapping for further investigation.

A. Structural effects

Our calculations predict that all the neutral and nega-C. Fixed charge effects
tively charged stable nitrogen speci@$,, N, NH, , NH?,

. . ; . . Both N and N interstitials and substitutions are deep
and H) incorporate into oxygen vacancies with a substantial : . . L
energy gain. However, this process is diffusion limited Sincecenters, and according to Fig. 8 their relaxed affinit@sc-
: ' ' trical levelg are all below the VBM of Si, which would

he diffusivity of N,, NH,, NH°, and H is unlikel . I

t.e diffusivity of Ny, 2 » & .d LIS UNTikely to be_ make them type-C defects. This means that at equilibrium

high, the process of vacancy passivation by molecular nitro, . .

. ; . . they ought to have a maximum negative charge. However,

gen or ammonia may be incomplete, leaving significantly N

. . . - . such an equilibrium state assumes that the electrons are sup-
nonuniform concentrations of interstitials and anion vacan-_ . . SR

. o - lied from the silicon valence band, which is difficuift not

cies. In contrast, atomic nitrogen is expected to be rathe

more mobile resulting in the more effective passivation of'mpOSS'ble for two reasonsi(1) The effectiveness of the

. I . resonant tunneling strongly depends on the overlap between
oxygen vacancies. A similar argument applies to the pro-

. . . S92 B1e states involved in the process. Therefore, defects local-
cesses involving anion vacancies in charge states +1 and

They are significantly less mobile than the bafe due to ized far away frpm the i.nterface are .ineffective electron
the electrons localized inside. Consequently, the time to at_raps, even if their energy 1s r.es"”a”‘ with Si M) Charg- .
) . I . ing occurs predominantly via resonant electron tunneling
tain thermodynamic equilibrium might be long, and the sub- . A " .
N . . : from the Si VB, i.e., it involves transitions to the unoccupied
titution by the PDA agent in practical anneals may be incom- T
plete. defect states. These statehown as unrelaxed Ie\_/els in Fig.

8) are mostly of type-B. Therefore, most of the nitrogen spe-
cies are unavailable for a resonant tunneling from the silicon
valence band. Hence, they may retain multiple nonequilib-

Our calculations put the oxygen vacancy electrical levelsium charge states for a very long time, and thus contribute
into the silicon band gagFig. 8), which would make them to either positive or negative charge. The possible exceptions
typeB defects. However, this attribution is a result of our are NO interstitials and N substitutions, whose electrical lev-
calculation procedure in which the DFT band-gap correctiorels are below the Si VBM, so they will quickly achieve
is applied to electron affinities of all defects irrespectively of maximum negative charge.
their origin (see the Appendjx Such approximation may be- The only definite source of positive fixed charge in our
come inadequate for the doubly charged oxygen vacancgalculations are protons and anion vacancies. With regard to
whose (unoccupied electronic state splits down from the these defects, atomic nitrogen and molecular nitrogen will
CBM due to a strong outward displacement of the threaeduce vacancy concentration, but may themselves produce
nearest-neighbor hafnium ions. Thus, a vacancy state origihegative or positive charge states, as discussed above. Am-
nates from a hafnia conduction band, and its electron affinitynonia anneal will result in a higher concentration of protons,
ought to be calculated accordingly. Assuming that the vabut it is unclear how much of these will be evacuated during
cancy level must be shifted up rigidly with CBM, one would the anneal, so the increase in positive charge is expected with
obtain relaxed and unrelaxed electrical levefs/V* at 0.5 the NH; PDA.
and 1.3 eV below CBM. These values give a lower limit for Finally, we would like to emphasize that highmateri-
the V** vertical electron affinity. For the sake of consistencyals generally favor charged defect states due to their large
we retain the values obtained by the defect-independent prgolarization energy. This is quantified far-HfO, in Table
cedure outlined in the Appendix, but acknowledge that anionl.

B. Electron trap effects
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We conclude that nitrogen’s capacity for reducing fixedthe uncertainty in the dissociation energy of nearly 0.2 eV.
charge in hafnium oxide is limited. Therefore, the problem of ~ The calculations of defect ionization potentials and elec-
fixed charge build up and/r instability is not resolved by tron affinities involve additional uncertainty related to the
PDA. Hinkle and Lukovsk}’ reported that bulk only nitri- band-edge energies. In our calculations we empirically cor-
dation does not decrease and may even increase fixed chang&t for the position of CBM but not for the VBM energy. We
in the oxide film, which is in qualitative agreement with our also assume that none of the defect levels are pinned to the

calculations. conduction band. For the oxygen vacancy levels these ap-
proximations result in the uncertainty of the order of 0.5 eV,
D. Growth of the interfacial SIO , layer as discussed above. However, these approximations work

We assume that growth of the Si@yer at the interface reasonably well for other defects considered in this paper, so,

is controlled by a migration of oxygen towards the interface.MUCh smaller energy error is expected. The minimization or
Therefore, we considered how various PDA gases intera@en elimination of the discussed uncertainties is just becom-
with oxygen interstitials. Our calculations predict, Moes ~ INg possible with improved density functiondla particular,

not bond to oxygen interstitial in any charge stédfeble Ill).  those going beyond the local-density approximatiamd in-
Therefore, interstitial oxygen is free to diffuse towards thecreased feasibility of calculations of larger systems.
interface. In contrast, atomic N strongly bonds to the inter-  Our calculations suggest that hafnium oxynitride might
stitial oxygen, forming less mobile NOnolecules. As a re- have certain advantages over Hf@s a gate oxide. Due to
sult oxygen diffusion towards the interface is blocked, thusthe multiplicity of the NO oxidation states, this material may
inhibiting growth of an interfacial SiQlayer. This conclu- form stable amorphous structures with acceptable dielectric
sion is consistent with the data on nitrogen remote plasmaroperties. Some preliminary results on hafnium oxynitride
deposition processin’é‘,where reduction of interfacial silica gates in MOSFET have been recently repof"?eﬁ,but a

growth has been observed. more systematic study of film composition and electrical
Ammonia molecules inm-HfO, dissociate spontane- properties is required.
ously resulting in the formation of Nfl", NH°, H*, and In this work we have considered only bulk structures

possibly H and H. Of these products, only protons will close to their thermodynamic equilibrium. There exists
effectively bond to the interstitial oxygen ions and exclu- strong experimental eviderie® that in certain cases a sig-
sively to those in the charge state —2. At the same time, thaificant part of the electron traps are located in the bulk of
most mobile charge state of oxygen;,8 does not interact  the insulator. However, fixed charge distributed far from the
strongly with protons. Therefore, ammonia PDA will not in- channel is well screened and, therefore, has only limited ef-
hibit effectively the growth of the interfacial SiQayer. The  fect on the channel mobility. So, to understand the processes

same applies to the PDA with nitric oxide. in the channel, an extension of calculations is required to-
wards systems which include interface effects explicitly. The
E. Accuracy of calculations and future work work in this direction is currently under way. Also, we note

Despite spectacular advances in &einitio total-energy that bulk DFT calculations only give an indi(?ation of the
techniques, the calculations of the relative energies of defec@€fect charge states that are thermodynamically possible.
in different charge states are still not routine. Main difficul- S0Me Of these states may or may not be relevant depending
ties arise from théoften interrelateylerrors due to the local ©N the values of the electron chemical potential. Moreover,
or semilocal approximations in a density functional and to2S charge transport through the dielectric is generally slow,
the effects of periodic boundary conditions used with notthe actual defect states may be controlled kinetically rather
sufficiently large supercells. These two approximations leadhan thermodynamically. Therefore, a credible estimation of
to an ill-defined zero energy in three-dimensional calculathe defect concentrations must also include effects of the
tions, spurious electrostatic interactions across the supercelléinetics of the interface growth and PDA.
underestimation of the single-particle energy band gap, etc.

Although the resulting energy errors are mostly systematic,

the correction terms are usually calculated empirically and

must be treated with caution. For example, we calculate the

energy correction for the monopole-monopole interaction beACKNOWLEDGMENTS

tween charged supercellsee the Appendix For sufficiently

large singly charged supercells and for systems with a large The funding of the EU Framework 5 HIKE project is
dielectric constant, this correction is smell,,;=0.08 ev in  gratefully acknowledged. This research has been supported
our calculations An uncertainty inA,q is estimated at below in part by the Academy of Finland through its Centre of
30% and mostly originates from the empirical value of theExcellence Prograr(2000—-200% The calculations were per-
static dielectric constant and from the higher-order multipoleformed on resources provided by the HyperSpace Supercom-
interactions across the supercells. Such an uncertainty in tgputer Center at the University College London, HPCX UK
tal energy is still well within the accuracy of the DFT calcu- (Materials Chemistry Consortiunand the Centre of Scien-
lations. However, when considering a solid-state reaction ofific Computing, Espoo, Finland. We are grateful to A. M.
the typeAB— A%*+B?", the overall correction term for the Stoneham, V. Avanas’ev, A. Asenov, A. Korkin, P. Zeitzoff,
energies in the right-hand side id g, This would amountto and P. Lenahan for useful discussions.
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APPENDIX: CALCULATION OF FORMATION AND 1,(DY) = Ej + ES™ — E- EY + «1, (A3)
IONIZATION ENERGIES, AND ELECTRON AND HOLE
AFFINITIES where the valueES is calculated for the geometry of the
~ The formation energy of a defect in the charge stai®  relaxed defect with chargg, and «1 is a correction for the
given by position of the bottom of the conduction band. Similarly we
can define the electron affinity of the defgetD9) (i.e., the
G(DYEg) = EY - EJ- E®+ g, (A1)  energy gain when the electron from the bottom of the con-

duction band is trapped at the defeas follows:

whereE‘;(.de.notes the total energy calculated for syskeat xe(DY) =Ej+E3 - ES - ES ™ + k2. (A4)

the equilibrium geometry and excess supercell chayge

units of the electron charge E{ is the energy of the perfect Here the correction2 can be generally different from1.
HfO, crystal in charge statg, EZ*°is the energy of the iso- One can consider both “vertical” and “relaxed” electron af-
lated molecule, and all energies are calculated in the santnities. In the latter case the lattice relaxation after the elec-
supercell. Depending on the valuef, the thermodynami-  tron trapping is included ilE3. We can also define the hole
cally stable charge state of the specific defect may changeffinity of the defecty,, (DY), i.e., the energy gain when a free
The total energies for the charged supercells were calculatatble is trapped from the top of the valence band to the defect
using the compensating uniform background potentialbs follows:

method®***The calculated unscreened energy correction for

the monopole-monopole interaction in the monoclinic super-  xn(D9) = E§ + E} - Eg - ES™ + 3. (A5)

cell is 1.97 eV. The screened correction was calculated by

scaling this value by the isotropic part of the static dielectric”9@in, dependent on whether the lattice relaxation in the
constant eyio, <24, to give energy correctionsy final state is included or not, one will obtain different affini-
2 L

=+0.08 eV and 4,,=+0.32 eV for the singly and doubly ties. The vertical hole affinity provides a useful estimate of

charged supercells, respectively. The higher-order electrg- . Rt
static corrections(dipole-dipole, dipole-quadrupole, exc. valence band. One can also verify, that the relaxed affinity is
were neglected in our calculations. related to the defect'g+1/q electric level as defined else-

Next, we define the reaction energy associated with thgvhere(e.g., Ref. 48

solid-state reaction of the typ&B«— A+B, as follows: To define the correctiongl, «2, and «3 we use the
following considerations{i) We assume that the main inac-

curacy in defining the relative positions of defect states with
Ee=ERs+Eg—EL-E3 ™, (A2)  respect to the band-gap edges is due to unoccupied Kohn—
Sham states, and that the underestimated band gap is mainly
whereQ, g, and(Q-q) are, respectively, the charges of the due to the too low position of the conduction-band mini-
initial molecular defecAB, and of its dissociation products mum. Therefore, we use an approximation tkat=x2=x«
A andB, and the energieE)q( have the same meaning as in and«3=0. These conditions are difficult to fully justify with-
Eq. (Al). The energies of the charged supercells are corout comparison with experimertii) Using these conditions
rected for the electrostatic interactions, and the energy of and definitiongEgs.(A4) and (A5)] it is easy to obtain
perfect HfQ supercell E, is added in order to avoid double
counting. Note thakE,.>0 indicates an exothermic reaction

from left to right. where both affinities correspond to relaxed final defect states.

Ir_1 order to study st_able charged defect sjtates and th‘Ia'his condition holds in all calculations, which ensures the
possible role of defects in photo- and thermostimulated proéonsistency of our approactiii) We use the experimental

cesses, as well as in electronic devices, one needs to kn . .
' T P RV fE =5. V(Ref. 23 t fine the diff
the electron affinities and ionization energies of the defect ue of Ey(exp) =5.68 eV(Ref. 23 to define the difference

states with respect to the bottom of the conduction band of , = Eq(exp) — Ey(theop, (A7)
hafnia and to other electron or hole sources, such as silicon.
To achieve that, we compare total energies of the initial anénd correct the defect ionization potentials and electron af-
final systems with the same number of electrons. The maifinities. This givesk=5.68—-3.92=1.76 eV, which is used in
inaccuracy of this approach is related to the underestimatioall calculations.
of the band gap in the DFT calculations. This means that the  Although this method is approximate, fixing the value of
defect states appear to be closer to the valence-band amrdallows us to present the results of our calculations in one
conduction-band edges in hafnia. The relative error in thescale. Another advantage is that, in order to find defect af-
energy-level position with respect to the gap edges dependgiities with respect to electrons at the bottom of a silicon
on a defect and is impossible to establish without propeconduction band or holes at the top of a silicon valence band,
calibration using the experimental data. within the same method one can use the experimental value
Defining the absolute value of the defect ionization en-of the band offset with Si. This scale can be changed if a
ergy I1,(D9) as the vertical excitation energy of an electronmore “accurate” or relevant value far will be found. This
from the defect with the chargeg to the bottom of the con- will require only a shift of our predicted values by a con-
duction band, we have stant.

xh(DY + xo(D™) = E4(exp), (A6)
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