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Clustering of N impurities in ZnO
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Ab initio density functional theory and quasiparticle calculations for the incorporation of nitrogen
atoms on oxygen sites in ZnO are presented. It is demonstrated that clustering of N atoms is
energetically favored over the isolated N, substitutional impurity. Tetrahedrons of N, give rise to
promising quasiparticle band structures with impurity states slightly above the valence band maximum
(VBM), which, however, shift to higher energies with increasing negative ionization. The lowest
recharging level &(0/—) tends to a value 0.4 eV above the VBM, which is too deep for anything other
than a weak p-doping. © 2012 American Institute of Physics. [doi:10.1063/1.3675867]

Zinc oxide (ZnO) has been widely investigated for use
in efficient short wavelength light-emitting diodes and diode
lasers based on p—n homojunctions.! In spite of these
expectations, this topic remains a source of conjecture, with
the possibility of reliably achieving the required levels of
shallow p-doping still under debate.”* Substitutional doping
with nitrogen (N) has been the predominant experimental
approach® because of obvious features including its triva-
lence and similar ionic radius to the oxygen ion O~

Some early first-principles computational studies into the
possibility of p-doping ZnO were focused on the concept of
N incorporation in the form of N-oxygen (O) molecules.’
However, more advanced modeling (confirmed by experi-
ment) found that substitutional N doping on an O site (Np)
gives rise to a deep acceptor with an ionization energy, E;, of
1.3eV and, hence, cannot lead to a substantial hole-based
conductivity® because the corresponding high carrier activa-
tion energy E, prevents significant levels of thermal activa-
tion. Alternative acceptor candidates, which could have lower
Ea, including Zn-P clusters, have been suggested.” The high
EA for Ng can be understood from the effective-mass approx-
imation combined with a hydrogen based model. This leads
to a hole binding energy of Ex = (13.6€V) - m; /(me?),
where the Rydberg constant for hydrogen is reduced by the
hole mass m; and the static dielectric constant ¢ of the ZnO
host. A rough estimate with a hole mass m; ~ 0.6 m and an
electronic ¢~3.7 (see collection in Ref. 8) gives an E, of
0.6 eV and a hole orbit radius of 3.3 A. This estimate indicates
just how difficult it is to generate shallow, effective-mass-
like, acceptors in ZnO. In order to have a substantial propor-
tion of acceptors ionized at room temperature, therefore,
alternative defect-complex acceptors are being investigated.
A promising idea is co-doping or cluster-doping with more
than one N and gallium (Ga) or even aluminium (Al) which
was already investigated in detail in a theoretical study of
Wang and Zunger.” Formation of clusters with a larger num-
ber of N atoms, e.g., GaN, or GaN;0O, turns out to be most
favorable. A yet unanswered question is whether already the
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formation of Zn-N clusters alone, e.g., ZnN, might not be
more favorable than single N impurities and could lower the
acceptor binding energy as well.

Therefore, in this letter, the energetic and electronic prop-
erties of tetrahedral ZnN),~ complexes in different ionization
states n=0,1,....4 embedded in wurtzite ZnO are investi-
gated. The study considers a cluster in which all four nearest
neighbor host O atoms of a central Zn atom are substituted by
N atoms (rather than a single substitution with an isolated im-
purity No). These defect complexes are modeled using super-
cell geometries containing 192 atoms (electronic properties)
or 300 atoms (energetic and structural properties). Test calcu-
lations using different supercell sizes (72, 128, 192, 300
atoms) indicate that these supercell sizes provide a reasonable
accuracy, even for ionized defects (errors of 0.1 eV or less for
total-energies or eigenvalues). First-principles calculations are
made based on spin-polarized density functional theory (DFT)
as implemented in the Vienna ab-initio Simulation Package
(VASP) code'®!" using a semi-local approach of exchange
and correlation (XC) within the generalized-gradient approxi-
mation (GGA) following Perdew, Burke, and Ernzerhof
(PBE).'> Wave functions and pseudopotentials are generated
using the projector-augmented wave (PAW) method.'" The
plane-wave cut-off is 300eV. Convergence tests for smaller
supercells and bulk ZnO indicated that this cut-off provides
sufficient accuracy (10 meV or better). Brillouin zone (BZ)
integrations are replaced by summations over 3 x 3 x 2
(smaller supercell) or 2 x 2 x 2 (larger supercell) k-point
meshes. The shape of the supercell and the atomic positions
are relaxed until Hellmann-Feynman forces are smaller than
1 meV/A. The volume was fixed at the (theoretical) value for
ideal bulk ZnO.

Since electronic-structure calculations in DFT ignore
excitation considerations, this leads to a significant underes-
timation of the energy gap between occupied and empty
bands, i.e., to a fundamental band gap, E,, of 0.73eV for
Zn0," compared with an experimental value of 3.44eV.*!*
Unfortunately, converged quasiparticle (QP) calculations'>'®
are not possible for supercells with several hundreds of
atoms. Such calculations are performed in an approximate
manner based on Slater’s transition state. This is the
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GGA — 1 method."”” GGA — 1 yields an E, of 3.3eV, which
is very close to the experimental one.

The formation energies Ef(NN{)) of the cluster (N =4)
or the isolated impurity (N=1) in the charge state g are
obtained from

Ef(NN§) = Ei(NN§) — E(ZnO) +N(uo — ) + gEr,
e))

where Ei (NN)[E\or (ZnO)] is the total energy of the super-
cell containing NN¢ in charge state ¢ [defect-free ZnO]. pio
and py are the chemical potentials of the O and N reservoirs,
respectively. po is varied between —5.93eV (corresponding
to Zn-rich growth conditions) and —3.03 eV (corresponding to
an O-rich growth environment). The latter value is half of the
binding energy of an O, molecule, %E(Oz), the lower bound
of uo is determined by %E (O,) minus the formation enthalpy
AH; of ZnO from the reaction of Zn metal with O, gas. All
chemical potentials are derived from calculated values for the
binding energies of Zn bulk, ZnO bulk, and O, molecules
using DFT and the PBE GGA. puy is fixed at —5.28eV
(assuming N, dimers and, hence, a gas of N, molecules). This
gives a variation within —0.65eV< o — un<2.25eV. A
value of up — pun= —0.65eV was adopted for Zn-rich condi-
tions. The position of the Fermi level of the electrons is
replaced by Er= eypm + ér With the valence band maximum
(VBM) value eygp=1.045€eV in conventional GGA-PBE
calculations for bulk ZnO and an increase of &g from 0 (VBM)
to E, (conduction band minimum).

The resulting formation energies are depicted in Fig. 1
based on total energies for the 300-atom cell. For simpler
comparison, the energies for a single 4N cluster are plotted
versus those for four isolated Np impurities. A reduced ¢g
range is shown (between 0 and 1.5eV) since this is where
most crossings (ionization levels) occur. The isolated Ng
defect as well as the 4N complex can be stable in either the
neutral or single negative charge states. Higher charge states
may occur for the 4Ng cluster. The clustering of the N
impurities on O sites is energetically more favorable except
in the case of the 4N¢,~ defect which is less stable than four
isolated Ng. This is an important result since it indicates that
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FIG. 1. (Color online) Formation energy as a function of ¢r for one 4Ng
cluster (solid red lines) and four isolated N (dashed black lines) in ZnO
under Zn-rich conditions. The reference for ¢r is the VBM described in
PBE-GGA approach. The ionization levels (0/-) are indicated.
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N impurities should exhibit a tendency for clustering. More-
over, the possibility of the formation of even larger cluster
complexes or even small zinc nitride crystallites cannot be
excluded for very high N doping concentrations.

The ionization energies (thermodynamic transition lev-
els or charge transition levels) &(g/q — 1) are equal to the
Fermi-level position at which the formation energies
E;(NNZ) and Ef(NN& ') of the two charge states are the
same, i.e.,

&(q/q — 1) = Et(NNS ") — Ei(NNE) — evpm. (2)

Relatively low acceptor levels are found with &(0/—) =0.30eV
(Noy or &0/—)=0.25eV (4Np) which is not too far from
the value estimated using the hydrogen-based model. The
higher 4Ng ionization levels amount to &(—,2—)=0.73¢V,
e(2—3—)=093eV,and e(3—4—)=1.15¢eV.

One important problem for all electronic structure calcu-
lations of defects by means of Eq. (2) is the determination of
the valence-band maximum é&ygy; With respect to an internal
reference level, e.g., the average effective potential as in
VASP code. Since the charge transition levels (Eq. (2)) basi-
cally represent excitation energies, the excitation aspect and,
hence, the formation of quasiparticles in defect states have to
be taken into account.'® In a QP calculation for defect-free
ZnO, starting from a Heyd, Scuseria, and Ernzerhof (HSE)
hybrid functional'® and the GW approximation for the
exchange-correlation self-energy,'” a QP correction to the
VBM of about Aygy = —1.2eV is computed.

The main contribution to the transition levels &(g/q — 1),
however, arises from ground-state total-energy differences
(cf. Eq. (2)). Due to the fact that the defect states are rather
localized they can be interpreted as real QP values as in the
A self-consistent field method. The reaction of the electronic
system to the increase/decrease of the ionization energy is
taken into account in the total-energy difference in (Eq. (2)).
It may be argued that a proper QP eigenvalue should be
inserted for eypy instead of a DFT-GGA eigenvalue. Incor-
porating, for instance, a QP shift of —1.2eV gives &(0/—)
=1.5¢eV for an isolated substitutional nitrogen impurity Ng
which is very close to a value of 1.3eV recently computed
using a spatially non-local hybrid functional to describe
XC.® However, GGA — % band structure calculations like the
ones used in this work do not support this argument since the
difference of the GGA —% eigenvalues, which directly pro-
vides the single-particle excitation energy &(0/—), gives a
value of about 0.4eV which is rather close to the value
0.3eV derived from ground-state total-energy-differences
(cf. Eq. (2)) inserting the DFT-GGA value for eygp.

In contrast, the results derived from the total energy cal-
culations and the use of the DFT value of eypy are supported
by the approximate QP band structures depicted in Fig. 2,
which, for the 4N cluster, indicate the presence of many
defect states in the gap near the VBM. In the neutral case,
these levels are concentrated in an energy interval of less
than 0.5 eV. With increasing negative ionization of the defect
complex, however, this interval increases and the uppermost
defect-complex states in the fundamental gap are shifted
towards higher energies 0.9eV (for ¢g=—1), 1.45eV (for
qg=-2), 2.25eV (for ¢g=-3), and 3.05eV (for g=—4).
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FIG. 2. (Color online) Approximate QP band structures of neutral N% (a),
charged Ng (b), neutral 4N8 (c), and charged 4N, (d) complexes in ZnO.
The electronic bands due to the defect states appear in the lower part of the
gap as isolated lines (above the dense black area). In the color online version
they are indicated by red (fully occupied) and blue (topmost defect state,
partially occupied or empty in the neutral case and hence indicating the posi-
tion of the Fermi level) lines, whereas ZnO band states are described by
black solid lines (dense black region in the black-and-white print version).
The energy zero is set to the VBM for undoped ZnO.

Figure 2 and the calculated ionization levels indicate that
clustering of N impurities does not significantly (charged
case) or not at all (neutral case) reduce the distance of defect
states from the VBM and (even for very high N concentra-
tions) cannot, therefore, contribute to a significant increase
in the proportion of p-type charge carriers in the valence
band. Nevertheless, the clear tendency to N impurity cluster-
ing in ZnO may also explain why complexes containing
more than one N impurity may form easily upon co-doping
or cluster-doping with other impurities, e.g., Ga or even
AL%% Our results support the viewpoint of Wang and
Zunger that N doping alone cannot lead to a sufficiently shal-
low acceptor level due to the weaker Zn-N bonds which are
energetically too far away from the strong Zn-O bonds.
According to their findings, only replacement of the central
Zn atom neighboring the N atoms of a local cluster with
more than one N by atoms which can form much stronger
bonds with N than Zn (they suggested Ga or even Al) may
lead to some success. Along this line, it becomes even ques-
tionable whether not even replacement of more than one Zn
atom (also outside the N cluster) by Ga or Al might even
improve the situation, e.g., formation of Ga,N, clusters.
However, this is beyond the scope of this letter and should
be a matter of future studies.

In conclusion, the incorporation of N clusters on O sites
in ZnO has been studied using DFT computations within a
semi-local XC description and approximate QP band struc-
ture calculations based on the GGA — % method. It was found
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that clustering of N atoms is energetically more favorable
than the formation of isolated No impurities. The calculated
ionization levels indicate that even for the case of clustering,
N incorporation promotes the formation of relatively deep
acceptor states. The accompanying QP electronic structure
calculations confirm this hypothesis. Indeed, although many
defect states are generated close to the VBM, they are pro-
gressively shifted further into the gap with increasing nega-
tive ionization of the complex. This infers that doping with
alternative N atom complexes, e.g., structurally different
Zns;N, clusters, would not induce defect states closer to the
VBM cither. Rather, we believe that the idea of co-doping or
cluster-doping with Ga or even Al may be the only promis-
ing path towards successful p-doping of ZnO. It is hoped that
these findings will stimulate further theoretical and experi-
mental studies into possible shallow N-related acceptors in
ZnO.
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