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Abstract

First principles total energy calculations were performed in order to characterize O vacancy defegtsjn Ta O . A simplified
version of the crystalline orthorhombic phase of,Ta O was used in this study. Results indicate that O vacancjes in Ta O
can be broadly classified based on their location in the lattice. One type of vacancy (occupying the ‘in-plane’ sites) displays
deep or mid gap occupied states, and shallow unoccupied states, while a second type (occupying ‘cap’ sites) results in
shallow occupied states. For a wide range of local Fermi level or chemical potential, the neutte2 ahdrged states of the
in-plane type vacancy and the2 charge state of the cap type vacancy are found to be most stable.
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1. Introduction leakage currents (via defect or ‘trap’ levels created in
the band gap of the dielectric).

Although tantalum pentoxide (Ta O ) has been The present work attempts to theoretically char-
studied both experimentally and theoretically over acterize oxygen vacancy defects,in, Ta O . The
the past three decades, its real emergence as a atomistic structurg Qf Ta O was chosen so that it is
dielectric material that can be integrated with con- computationally tractable, while at the same time is
ventional CMOS has happened only in the last representative of deposited films. Different types of
decadd1]. While interest in high dielectric constant O vacancies with qualitatively different types of
materials in general is primarily due to a need to coordination environments were considered within
scale down device sizes, the renewed interest in this model, and the defect or ‘trap’ levels due to
Ta,O, is due to the ability to deposit it using these defects were determined using first principle
conventional methods compatible with equipment total energy calculations. Correlations between the
and processes already available in the semiconductor coordination environment and the location of the
industry. Nevertheless, concerns exist with,Ta O defect levels were identified. The stability of various-
(and other alternative dielectric materials), one of ly charged vacancies was also considered as a
them being defect densities, and their impact on the function of the vacancy type and the local chemical

potential.
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atomistic model of Ta @ used in this work. Section

3 discusses the results: structural aspects of the local

coordination environment of Ta ions in Ja;O are

compared with measurements in Section 3.1, the

location of O vacancy induced defect levels in the

band gap of Ta Q is discussed in Section 3.2, and

the relative stability of charged O vacancies is
presented in Section 3.3. We finally conclude with
Section 4.

2. Model and method

Crystalline Tg Q occurs in several different
polymorphs, with the orthorhombic phase containing
11 formula units (22 Ta and 55 O atoms) being the
most stable[2]. The building blocks of the ortho-
rhombic structure are Tg0O (octahedral) and TaO
(pentagonal bipyramidal) polyhedf2]. In the pres-
ent work, for computational ease, a simplified ver-
sion of the actual orthorhombic unit cell containing
two Ta, O, formula units (4 Ta and 10 O atoms) and
two TaQ, and two TaQ polyhedra were usdtg(

1). Although the chosen model of Ja.O is crys-
talline, it will be shown in the next section that the
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local environment of Ta and O in this model is
consistent with that of fabricated Ta O films.
All calculations were performed using the local
density approximation (LDA) with in density func-
tional theory (DFT), as implemented in the Vienna
ab initio simulation package (VSPusing
ultrasoft pseudopotentials. A plane-wave basis set
with an energy cutoff of 29 Ry for the wave function
and 68 Ry for the electron density was used. Defect
free bulk Tg Q calculations were performed with 12
k points in the irreducible wedge of the Brillouin
zone (IBZ); increasing the number of k points was
found to have negligible effects on both the structure
and the total energy. O vacancy calculations were
performed with twice the size of the bulk unit cell
(containing 8 Ta and 19 O atoms), and 8 k points in
the IBZ. Further doubling the size of the unit cell for
the O vacancy calculation had negligible effects on
the vacancy formation energy for neutral as well as
charged vacancy calculations. All calculations in-
volved relaxation of the atomic positions until the
forces on each atom were below 0.04 eV/A.
Defect state energies were calculated using total
energy results of sepatdteand —1 charged
vacancy and defect-free calculdddnsvith the

s Taatom @
& In-plane O atom
() Cap O atom

Fig. 1. Schematic of structure used in the present calculation, with the rectangle highlighting the unit cell. Also shown are the TaO (top,
right) and TaQ (bottom, right) building blocks, with the in-plane and cap site O locations explicitly identified.
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defect levels scaled by the ratio of the experimental
Ta, O, band gap to its theoretical value. The calcu-
lated band gap of Ta O is 2.43 eV, while the
experimental value is 4.0 €8], and so a scaling

factor of 1.65 was used. Such a discrepancy between
calculated and experimental values is to be expected

when the LDA is used. The stability of charged
systems relative to their neutral counterparts is
determined by evaluating the difference between
E(qg)+uqg andE(0), whereE(q) is the total energy of

a supercell with charge, and w is the electronic
chemical potential5]. The electronic chemical po-
tential (close to, e.g. a metal—dielectric interface) is
determined by the Fermi leveE() of the metal. The
relative total energy of the charged vacancy supercell
with respect to the corresponding neutral system is
thus given asE(q)+qgE-—E(0). Charged vacancy
calculations were performed using the standard
techniques of imposing a charge neutralizing
homogeneous background charge and correcting for
spurious dipole interaction®].

3. Results and discussion
3.1. Local environment of Ta ions in Ta,O4

The nearest neighbor Ta—O bond lengths for the
TaOs; and TaQ polyhedra calculated here are in the
1.98-2.00 A and 1.92-2.56 A ranges, respectively,
in good agreement with those observed for the actual
orthorhombic crystal structur?]. More significant-
ly, the nearest neighbor Ta—O distances observed in
amorphous Ta © films formed under typical deposi-
tion conditions is 2.05-2.06 A, and the average
coordination number (defined as the number of O
atoms directly bonded to a Ta atom) of such films
turns out to be in the 6.1-7.8 ran@@]. Thus, the
local coordination environment of Ta in the present
model is consistent with that for amorphous,Tg O
films, justifying the present approach for calculating
properties that are largely determined by the local
bonding environment.

3.2. O vacancy induced defect states

We next focus on the energetic location of defect
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environment, we classify O atomic (and vacancy)
sites into two types as shotig.id: ‘in-plane’
sites, that form the base of the pentagon or the
guadrilateral of the polyhedra, and ‘cap’ sites that
cap the basal planes of the polyhedra. As we will
see, these two types of vacancies display quali-
tatively different behavior. Lattice relaxations due to
creation of in-plane type vacancies are expected to
occur more easily than those due to cap type
vacancies, as the in-plane O atoms are shared by
three polyhedra, while the cap O atoms are shared by
only two.
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Fig. 2. Occupied and unoccupied in-plane and cap site O vacancy
induced defect states, before and after lattice relaxation. Results
for two vacancies of each type are shown. One of the in-plane
vacancies (corresponding to the first set of states) is shared by two
TaO, and one Ta@ polyhedra, whereas the second in-plane
vacancy (corresponding to the second set) is shared by ong TaO
and two TaQ polyhedra; one of the cap site vacancies (corre-
sponding to the third set of states) is shared by two ;TaO
polyhedra whereas the other (corresponding to the last set of
states) is shared by two Tg@O polyhedra. Vacancy formation
energies calculated relative to an isolated oxygen atom in its
triplet ground state are listed below the energy level diagram. All
defect state energies are referenced to the top of the valence band,
and shifted (as described in the text) to reflect the experimental

levels created due to O vacancies. Based on the localband gap of 4.0 eV.



R. Ramprasad et al. / Microelectronic Engineering 69 (2003) 190-194

Creation of a neutral O vacancy in metal oxides
leaves behind two electrons localized close to the
vacancy location. In Ta © (as in many other oxides
[4,7]], these electrons occupy the lower of two
energy states created at the band gap (the bonding
orbital), with the upper state (the anti-bonding
orbital) completely emptyFig. 2 displays the oc-
cupied and unoccupied defect levels for two in-plane
and two cap site vacancies, both before and after
relaxation of the lattice.

The following observations can be made: (i) in-
plane type vacancies result in occupied levels at the
mid-gap energy range, and shallow unoccupied
levels; (ii) cap type vacancies display shallow oc-
cupied states, with the unoccupied states buried in
the conduction band; (iii) lattice relaxations could
cause shifts of up to 0.6 eV, especially in the case of
occupied levels; and (iv) vacancy formation energies
(shown at the bottom ofig. 2, and calculated using
the formula: E,ation=(EvactE9—E pux Where
E,.o Eo and E,,, are the total energies of the
vacancy containing system, isolated oxygen atom in
its triplet ground state and total energy of the defect
free bulk system, respectively) of in-plane type
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vacancies are in general lower than those of cap type

vacancies. (i) and (ii) are consistent with photo-

emission measurements made by Flemin@]et al.

where features in the emission spectra due to mid
gap and shallow states can be clearly seen.

3.3. Relative stability of charged vacancies

The stability of a charge state of a vacancy is
determined by the position of the vacancy induced
defect levels with respect to the local chemical
potential. For vacancies close to the metal—insulator
interface, the local chemical potential is largely
determined by the metal FermiféyeB displays
the relative total energies of in-plane and cap type
vacancies in various charge states as a function of
the local chemical potential or Fermi eBgrgy (
defined with respect to the valence band minimum of
Ta OE(). The lattice structure at each charge state
was completely relaxed. In each case, the total
energy is referenced to that of the neutral vacancy.
Let us conBideBa.For very low values of the
local Fermi energy,+thecharged state of the
vacancy is predicted to be most stable, and for
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Fig. 3. Relative total energi(q) of in-plane (a) and cap (b) type vacancies as a function of the chemical potential (which is here assumed

to be the Fermi energy)y denotes the charge state of the vacangy

+2, +1, 0, -1, or —2).
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medium to high values d&-—E,,, the neutral state is their location in the lattice. The ‘in-plane’ type
seen to be most stable. These predictions are con- vacancies display deep or mid gap level occupied
sistent with the location of the occupied state at the states, and shallow unoccupied states, while the ‘cap’
mid gap energy range, and the unoccupied state close type vacancies result in shallow occupied states. Fol
to the conduction band maximum in the case of a wide range of local Fermi level or chemical
in-plane type vacancies: clearly, whdf.—E,, is potential, the neutral and2 charged states of the

very low, the two electrons from the occupied state in-plane type vacancy anlticbarge state of the

will tend to be transferred to the Fermi level (making cap type vacancy are most stable.

the +2 state more stable), while no transfer of charge

will occur for most other values oE-—E,, making

the neutral state most stable. Thus, barring the small
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