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H-related defect complexes in HfO ,: A model for positive fixed
charge defects
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Based on first-principles theoretical calculations, we investigate the hydrogenation effect on the
defect properties of oxygen vacanciagj in HfO,. A defect complex o5 and H behaves as a
shallow donor for a wide range of Fermi levels, with a positive charge state, and this complex is
energetically stable against its dissociation iktg and H. We suggest that thé,—H complex is
responsible for the formation of positive fixed charges, which neutralize negative fixed charges
during the postannealing process of SiBf0O, stack. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1738946

Hafnia (HfO,) and zirconia (Zr@) have currently at- within the local-density-functional approximatiéobDA ) and
tracted much attention because of the potential use for altethe generalized gradient approximatig®GA).” Norm-
native dielectrics to Si® in metal-oxide-semiconductor conserving nonlocal pseudopotentials are generated by the
(MOS) devices due to their high dielectric constants andscheme of Troullier and Martifisand transformed into a
good thermal stability in contact with $iSeveral experi- separable form of Kleinman and BylandeFor the Hf atom,
ments have reported that as-deposited 8O, (or we include a nonlinear partial core correctidrfor the
Si0, /Zr0O,) gate dielectric stacks on Si exhibit negative exchange-correlation functional to deal with the overlap be-
fixed charge$° During the postannealing process in,@he  tween the core and valence electron densities. The wave
density of negative fixed charge defects decreases, while théitnctions are expanded in plane waves up to a cutoff of 60
of interface defects increas&s When annealing tempera- Ry. All the atoms are fully relaxed using the conjugate gra-
tures are above 600 °C, positive fixed charges were shown tdient method. The defect formation energies are calculated
appear, particularly in the Sj@ZrO, stack after the decrease for a supercell containing 96 host atoms in monoclinic
of the negative fixed chargeFrom the observed correlation HfO,, with choosing the energies of free, lnd Q mol-
between the depassivation of,Rcenters and the generation ecules as the H- and O-chemical potentials, respectively. The
of positive fixed charges, it was suggested that the positivéeta"S of the calculational method, the accuracy of total en-
fixed charge may be due to overcoordinated oxygen centegies, and the structural parameters in perfect Héoe
induced by hydrogen during the postannealing progessdiven elsewheré:
However, the origin of fixed charge defects has not been
resolved yet. The generation of fixed charges within gate
dielectrics is one of the critical concerns for fabricating new (a)
high permittivity gate stacks. Thus, it is important to under-
stand the origin of fixed charges at the atomic scale to con-
trol the density of fixed chargé$

In this letter, we perform a comprehensive and detailed
study of the energetics and the electronic structure of various
H-related defects in Hf©@based on the first-principles calcu-
lations. We find that a defect complex consisting of O va-
cancy (/o) and H behaves as a shallow donor, whereas an
interstitial H is a negative-U defect. Thég—H complex is
energetically more stable than for well separatggdand H,
and remains in a positive charge state for a wide range of the
Fermi levels, which covers the band gap of bulk Si. Thus, the
formation of the positively chargedo—H complex is sug-
gested to be responsible for the increase of positive fixed
charge defects during the postannealing process.

We use the first-principles pseudopotential method

(d)

FIG. 1. Atomic structures for H-related defects in HfQa) H* bonded to
dAuthor to whom correspondence should be addressed; electronic maik threefold-coordinated O atorth) H™ at an interstitial site(c) the Vo—H
kchang@kaist.ac.kr complex, andd) the OH unit bonded to two Hf atoms.
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At ambient conditions, Hf@ has a monoclinic structure cating thenegativeU behaviort® similar to that found in
with two types of O atoms, which are threefold and fourfold various semiconductors and insulat&ts® From the ¢+/0)
coordinated, while all the Hf atoms are in a sevenfold-and (0f) transition levels, we find a large negative value of
coordinated configuration. For a single H impurity in BfO U= —1.6 eV, which is mainly due to the highly ionic bond-
the stable geometry depends on the charge state of the defeictg nature of HfQ. The (=) transition level of H is located
Considering many interstitial positions including antibondingat about 2.9 eV above the valance band maxin{¢BM ),
and bond-centered sites, we find that for a positive chargand this result agrees with the universal alignment rule for H
state, H forms a strong bond with a threefold-coordinated Otransition levels” Considering the conduction band offset of
in a manner that the ©-H bond is perpendicular to a nearly 1.5 eV between Hf@and Si and the maximum band bending
flat plane consisting of the O and its three neighboring Hfeffect of about 1 eV, the Fermi level in the MOS device
atoms, as shown in Fig.(d). The calculated ©-H bond  structure is expected to be positioned above the hydrogen
length for H" is 0.982 A, which is very close to the bond () transition level. Then, the incorporated H will be in a
length of 0.965 A for a HO molecule. When H is bonded negative charge state, with occupying the interstitial region.
to a fourfold-coordinated O, the energy increases by 0.68 eWhis result rules out the possibile formation of H-induced
because one of the four HfO bonds is nearly broken. For overcoordinated oxygen centers in Bf@ate dielectrics dur-
neutral H, we also find that H is bonded to the threefold- ing the postannealing procesiVe also investigate the ener-
coordinated O atom, similar to'H with the bond length of getics of an H molecule in HfQ, and find that H at an
0.981 A. In this case, the formation of the-CH bond low- interstitial site is more stable than™Hor H*, for a narrow
ers the energy by about 1.0 eV, as compared to an interstitisange of the Fermi levels between 2.5 and 3.2 eV, as shown
position, while H in SiO, favors an interstitial site without in Fig. 2(a).
bonding to the host atortf.On the other hand, for a negative Next we discuss the role of oxygen vacancy on fixed
charge state, His positioned at an interstitial site, as shown charge defects. In monoclinic H§Qthere occur two types of
in Fig. 1(b), with the distance of 2.02 A between the H and O vacanciesY(3) andVo(4), which are surrounded by 3
nearest Hf atoms, compared to the-® bond distance of and 4 Hf atoms, respectively, and both the O vacancies pro-
2.14 A to the nearest O atom. Since H incorporation into theduce donor levels in the band gap. Figur@)3shows the
Hf atom is accompanied by large lattice relaxations of thecontour plot of charge densities for the localized donor level
surrounding O atoms, the interstitial position is more prefer-of V(3). It is evident that the defect state mainly consists of
able for H. Hf d orbitals with relatively lower densities at the vacancy

For H’ and H", the antibonding state of the-OH bond  position. We find that O vacancies behave as a charge trap in
lies above the conduction band minimy®@BM). Thus, H HfO,, consistent with previous calculatiof&When an oxy-
behaves as a shallow donor, whilé tt the interstitial site  gen vacancy forms ¥(3)—H complex with hydrogen, H is
has a deep localized state in the band gap. Figl@eshows located almost at the vacancy center, as shown in Fig. 1
the formation energies of H H° and H as a function of In this configuration, the H atom can be regarded as a sub-
the Fermi energy Eg). As the Fermi energy increases, the stitutional, and there is no defect level in the band gap due to
charge state changes directly from positive to negative, indistrong interactions between the H and neighboring Hf atoms.

FIG. 3. Contour plots of the electron charge densities
for (a) the defect state d¥,, and(b) the bonding and
(c) antibonding states of thé,—H complex.
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Figures 3b) and 3c) show the charge densities for the bond- In conclusion, we find that although hydrogen in bulk
ing and antibonding states of théy(3)—H complex. The HfO, is thenegativeU defect, the defect complex &, and
bonding state of th& o(3)—H complex is located at 4.9 eV H is positively charged for all the Fermi levels in the band
below the VBM, while the antibonding state lies above thegap, donating an electron. ThNg—H complex is very stable
CBM, indicating that this complex behaves as a shallow doagainst its decomposition int¥y and H, and this defect
nor. From the formation energies in Fig(b?, we find that complex is suggested to be responsible for the formation of
the V(3)—H complex remains in a singly positive charged positive fixed charge defects, which neutralize negative fixed
state, regardless of the position of the Fermi level. Since theharges in the postannealing process of, %0, stack.
defect level of the positive chargedo(3)—H complex is )

unoccupied, the relative stability of this complex is unaf- 1S work was supported by the MOST of Korea

fected by the band gap error in the GGA calculations. To sedlfough the National Science and Technology Program
the energetics of th¥o(3)—H complex for different charge (Grant No. M1-0213-04-0001and by Samsung Electronics.
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