Structure of Isolated Oxygen Impurity States in InN
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ABSTRACT

The electron state structure of isolated interstitial O atoms in real InN (containing clusters
of InN, clusters of InON and clusters of non-stoichiometric InN:In) is the subject of investigation
in this paper. It is shown that for the interstitial O atoms the corresponding symmetry is
equivalent to that of an O atom in vacuum if the dielectric permittivity of InN is considered, and
therefore the hydrogen like impurity atom analysis can be applied for isolated interstitial O atoms
hosted in a real InN lattice. It is found that: i) If the O atom is interstitially incorporated in a
cluster of pure InN the impurity state has an energy of -5.11 eV, which acts as a donor level with
ionization energy +0.06 eV, and also this state is a donor level with an ionization energy of -0.02
eV for a cluster of InON if this cluster occurs at a distance of less than 30 Angstroms; ii) The
impurity state has energy -5.15 eV if the O atom is interstitially incorporated in a cluster of
InON, which acts as a donor level with ionization energy +0.02 eV, and also this state is a donor
level with 1onization energy +0.10 eV for a cluster of InN if this cluster occurs on a distance less
than 60 Angstroms from the O atom. iii) If the O atom is interstitially incorporated in cluster of
non-stoichiometric InN:In the impurity state has energy -5.38 eV, which is in the valence band of
this cluster. However this state acts as donor level for both cluster of InN and cluster of InON if
they are on distance less that 59 Angstroms from the O atom. The donor ionization energy for the
first cluster is +0.33 eV, and for the second cluster it is +0.25 eV.

INTRODUCTION

Thin films of InN deposited on AIN or sapphire show interesting optical properties with
respect to both the optical absorption edge and the maximum of the photo-luminescence
spectrum. Both spectral quantities have been observed to show significantly narrower energy
intervals, to as low as 0.7 eV, in comparison with the corresponding interval of 1.9 eV long
established for InN. These specific features have been the subject of investigation in several
papers [1 — 3, etc.]. Theoretical investigations of the optical features of InN have been carried out
on the basis of InN electron band structure [4, 5, etc.]. Oxygen is a common contaminant in InN.
There are two possible positions for oxygen atoms in the structure of InN: 1) The oxygen atom
can be alloyed to form the ternary compound InOyN ., where oxygen is substituting on the
nitrogen site. 2) The oxygen atom can be an isolated interstitial atom in the InN matrix, or it can
be a non-isolated interstitial atom in the same structure if the concentration of the non-alloyed O
impurities is higher. The alloyed O atoms are known to change the electron band structure and
this has been subject of the author’s previous work [4, 5]. The electron state structures of isolated
interstitial O atoms in real InN (containing clusters of InN, clusters of InOyN_, and clusters of



non-stoichiometric InN:In) is the subject of investigation in this paper. The authors have applied
the hydrogen like impurity atom analysis and they have investigated the behavior of interstitial O
atom for following cases: i) Incorporation of O atom in a cluster of pure InN; ii) Incorporation of
O atom in a cluster of InOyN_y; iii) Incorporation of O atom in cluster of non-stoichiometric
InN:In (substitutions of In atoms on N sites). (As a matter of fact the clusters pure InN, InOyN_y
and non-stoichiometric InN:In form the structure of real InN.) The corresponding impurity levels
are calculated and their positions in the electron band structure of real InN are shown.

RESULTS

Linear Combination of Atomic Orbitals (LCAO) electron band structures of both wurtzite
InOyN .y and wurtzite non-stoichiometric InN:In for points I" are calculated by the previously
developed method [6]. For the sake of simplicity both the wurtzite InOyN ., and the wurtzite non-
stoichiometric InN:In are called multinary crystal. A multinary crystal is considered to be a
periodical crystal having a large primitive super-cell, containing a finite number of quasi-
elementary cells. It is found [6] that the electron energy in a primitive super-cell of the multinary
crystal can be presented in the following way.

E(r) =24 6(r— Ry E(q) (D

Where r is the radius-vector of the electron, E(q) is electron energy in the quasi-
elementary cell q having radius-vector Rq = g;a;1 + g2a; + g3as3 (a;, a2 and as are the three basis
vectors of the primitive super-cell), and J (r — Ry) is a delta-function. The electron band structure
of the multinary crystal can be determined on the basis of the interactions within the primitive
super-cell, which determine the corresponding sub-bands. As a matter of fact the electron band
structure of the multinary crystal determined in this way contains the same sub-bands as those
determined for the primitive super-cell of the same multinary crystal without consideration of the
localizations of the interactions. However here the sub-bands are localized in the corresponding
quasi-elementary cells.

Detailed investigation shows that for the purpose of inter-band electron transitions for
semiconductor compound alloys it can be taken parts of the LCAO electron band structures
corresponding to configurations of the quasi-elementary cells giving deepest energy pockets for
the electrons in the conduction band, deepest energy pockets for the holes in the valence band,
and that these energy pockets are on shortest distances. In order for these three conditions to be
satisfied configurations of five different types of wurtzite quasi-elementary cells taken in the
following order must be used: i) for InOyN., (energy separations shown in Fig.1): /) InO quasi-
elementary cell surrounded by second neighboring O anions; 2) InO quasi-elementary cell having
second neighboring anions O and N; 3) mixed InN-O quasi-elementary cell containing two atoms
of In, one atom of O and one N atom, having second neighboring anions O and N; 4) InN quasi-
elementary cell having second neighboring anions O and N; 5) InN quasi-elementary cell
surrounded by second neighboring N anions. ii) for non-stoichimetric InN:In (energy separation
shown in Fig. 2): I) pure Inln quasi-elementary cell surrounded by second neighboring N anions;
2) mixed InN-In quasi-elementary cell containing 3.5 atoms of In and 0.5 atoms of N, having
second neighboring N anions; 3) mixed InN-In quasi-elementary cell containing 3 atoms of In
and 1 atom of N, having second neighboring N anions; 4) mixed InN-In quasi-elementary cell



containing 2.5 atoms of In and 1.5 atoms of N, having second neighboring N anions; 5) pure InN
quasi-elementary cell surrounded by second neighboring N anions.

The LCAO electron band structure calculations for each quasi-elementary cell are
performed by method given in [7]. The electron energy terms &, and €, for both N atom and In
atom are taken from [8], and the same energy terms for O atom substituting on N site in the
structure of InN are determined in [4]. The nearest-neighbor matrix elements are determined
according to [7] and the required inter atomic distances are calculated on the basis of tetrahedral
radii of atoms In, N and O. The calculated electron band structures (not in scale) are given in
Fig.2 for non-stoichiometric InN:In and in Fig.1 for InOyN_,. The energy levels I, and T
are determined by taking the energy of the vacuum as being equal to zero. The energy difference
E’, = (" - T",s5) gives the energy band gap of sector v. The shifts of the boundaries of the
energy band gaps in Fig.1 and in Fig.2, and the corresponding energy intervals are due to defects
in the crystal lattices of both InOyN;.y and InN:In — 1i.e. the existence of two sorts of atoms on
anionic sites. The nature of these shifts is different from the nature of the shifts of the boundaries
of the energy band gap described in [9, 10].

The LCAO electron band structure of pure InN is taken from sectors 5 of both Fig.1 and
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Fig.1. Cluster of InOyN;.y and donor level Eq =-5.11 eV

The electronic structure of isolated oxygen impurity states can be found under
consideration that the valence electrons of an incorporated interstitial O atom is not engaged in
forming of ion-covalent bonds in InN, in InOyN.y and in InN:In. Therefore a relatively long
distance influence of the valence states in the above clusters can be expected and the hydrogen
like impurity atom analysis [11] can be applied for isolated interstitial O atoms hosted in a real
InN lattice. It means that the Schroedinger equation for a hydrogen atom, but with effective
electron mass m and dielectric constant x having values for clusters InN, InOyN;_y and InN:In,
can be used.

[ - *AI2m) — e*/(xr)] F(r) = E F(r) (2)



Where F(r) is ground-state wave function of the form
Where a is an effective Bohr radius, which determines localization radius of the wave
function and
a =Wl (me) (4)
The solution of (2) gives isolated electron states of the impurity atom

E,=-¢'m ! Qn**h?) (5)

Where 7 is integer number greater than zero. For determination of the isolated electron
states it is considered n = 1.
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Fig.2 Cluster of non-stoichiometric InN:In and donor level Eq =-5.11 eV

DISCUSSION

The authors have used (4) and (5) for determination of localization radii and of electron
energy states respectively of interstitially incorporated O atoms in clusters InN, InOyN., and
InN:In. The values of k are taken from [12], and m are taken from [4 — 6]. The following results
have been obtained (relative to zero energy at the vacuum level):

i) If the O atom is interstitially incorporated in a cluster of pure InN the impurity
state has an energy of -5.11 eV, which acts as a donor level with ionization energy +0.06 eV.
Also this state is a donor level (Fig.1) with an ionization energy of -0.02 eV for a cluster of



InOyN .y if this cluster occurs at a distance of less than 30 Angstroms from the O atom, however
if there is a cluster of InN:In in the same range this level goes into the valence band of this
cluster (Fig.2) and it can form “electron bridge” between this band and the conduction band.

ii) The impurity state has energy -5.15 eV if the O atom is interstitially incorporated
in a cluster of InOyN_y, which acts as a donor level with ionization energy +0.02 eV. Also this
state is a donor level with ionization energy of +0.10 eV for a cluster of InN (Fig.3) if this cluster
occurs on a distance less than 60 Angstroms from the O atom. This level has the same behavior
as this in i) about cluster of InN:In only here the range is 60 Angstroms.
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Fig.3. Cluster of InN and donor level Eg =-5.15 eV
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Fig.4. Cluster of InN and donor level Eg = - 5.38 eV

iii)  If the O atom is interstitially incorporated in cluster of non-stoichiometric InN:In
the impurity state has energy -5.38 eV, which is in the valence band of this cluster. However this



state acts as donor level for both cluster of InN (Fig.4) and cluster of InOyN_y if they are on
distance less that 59 Angstroms from the O atom. The donor ionization energy for the first
cluster is +0.33 eV, and for the second cluster it is +0.25 eV.

CONCLUSIONS

The obtained results explain the influence of the electron impurity states of O atom
interstitially incorporated in the structure of real InN. In fact the results confirm the donor
behavior of the O atom in InN, which has been observed experimentally earlier. Because the
oxygen is a common contaminant in InN this semiconductor normally has n-type conductivity
which is well known. The oxygen levels can act as “electron bridges” between the valance band
and the conduction band of real InN. The obtained results can be used for further investigation of
the properties of InN and related alloys.
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