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Abstract—We present a theoretical investigation on the structural,
electronic properties and vibrational mode of nitrogen impurities
in ZnO. The atomic structures, formation and transition energies
and vibrational modes of (NOs); interstitial or NO4 substituting
on an oxygen site ZnO were computed using ab initio total energy
methods. Based on Local density functional theory, our calculations
are in agreement with one interpretation of bound-excition
photoluminescence for N-doped ZnO. First-principles calculations
show that (NOg); defects interstitial or NO, substituting on an
Oxygen site in ZnO are important suitable impurity for p-type doping
in ZnO. However, many experimental efforts have not resulted in
reproducible p-type material with N2 and N2O doping. by means of
first-principle pseudo-potential calculation we find that the use of NO
or NO2 with O gas might help the experimental research to resolve
the challenge of achieving p-type ZnO.
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1. INTRODUCTION

INC oxide is a transparent semiconductor with a direct,

wide band-gap of 3.4eV and large exciton binding
energy of 60meV. This has lead to ZnO being proposed for
applications such as optoelectronic devices, lasers and light
emitting diodes [1]-[4]. The most significant impediment to the
widespread exploitation of ZnO-related materials in electronic
and photonic applications is the difficulty in carrier doping,
specifically as it related to achieving p-type material. Perhaps
the most promising and commonly dopants for p-type ZnO
is the nitrogen element, although theoretical studies signified
a difficulty to explain the p-type activity for nitrogen at
room temperature [5], [6]. Nevertheless, high hole carrier
concentrations from N impurities (10'7—10'"cm™3) have
been achieved experimentally [7], [8]. Some experimental
works report obtaining p-type ZnO films can be supplied
by NO gas [9], [10] as the oxygen source and nitrogen
dopand; on the other hand, nitrogen ZnO films produce
n-type conduction by using an N or NHs [9], [10]. An
important characteristic of ZnO is that it exhibits n-type
conductivity even without intentional doping, and a difficulty
in obtaining p-type conductivity also occurs due to carrier
compensation [11]. The change of the type of conductivity
when increasing temperatures can be attributed to the
reevaporation of oxygen gas. There is experimental evidence
supported that the candidacy of nitrogen for p-type doping [7],
[12]-[17]. Furthermore, the photoluminescence from N-doped
ZnO, suggestive of an acceptor levels at~200meV above
FE, [18]-[26]. However, the location of the acceptor level is
a matter of some dispute with the result of the theoretical
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described as a shallow which attributed to No which has
acceptor level around of E,, +400 meVl” above the valance-band
[26], [6], [27]. IR absorption measurements on N-doped ZnO
showed several peaks ranged of significantly higher than the
phonon frequencies of the ZnO host.

We present the investigation for the electronic structure
of various p-type defects in ZnO by comparing the
formation energies through first-principles density functional
pseudopotential calculations, and discuss the chemistry that
tends to enhance the formation of nitrogen with oxygen rather
than other.

II. METHOD

Calculations are based upon density functional theory using
the AIMPRO package [28], [29]. Defects are simulated by the
use of large super-cells and periodic boundary conditions. The
cells are repeats of the primitive hexagonal unit cell containing
four atoms (Zn,05) with lattice vectors a[1000], a[0100] and
c[0001]. The calculated values for a and ¢ are 6.18 and
9.81A, respectively. We have analysed N-centres in supercells
containing 72 or 192 atoms, comprised from (3 x 3 x 2) and
(4 x 4 x 3) primitive cells, respectively.

The Brillouin-zone is sampled using the Monkhorst-Pack
[30] scheme generally with a mesh of 2x2x2 Ek-points.
Structures are optimised via a conjugate-gradients scheme
until the change in energy between iterations is less than
10~°Ha.

Atoms are simulated using ab initio pseudopotentials [31]
and the total energies and forces are obtained with a local
density approximation for the exchange-correlation [32]. The
wave functions and charge density are expanded in terms of
Gaussian orbitals and plane-waves, respectively [33]. For the
Zn, O and group V, we include s, p and d functions, with a
total of 28, 28 and 32 functions per atom, respectively. Plane
waves up to 150 Ha are used to expand the charge density.

We calculate the formation energy of a defect X using

Ef(X,q) = E"(X,q) = > mi+aue +((X,q), (D)

where E*%(X, q) is the total energy calculated of the system
X containing the defect in charge state ¢, p; denotes the
chemical potential of species (: =Zn, O and N), E,(X,q)
is the Fermi energy at the valance-band top, . is the electron
chemical potential, which defined as zero at the valence band
top. In ZnO, the chemical potentials of components o and
lzy are related by E(ZnO) = po + pz, where E(ZnO) is the
energy per bulk of pair in ZnO. The range of possible values
for po and pyz, is related to the requirement for ZnO to be
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stable relative to decomposition into its elemental constituents,
so that the zinc-rich limit is taken from zinc-metal, and for
oxygen-rich limit o is taken from the Oz molecule. The heat
of formation for ZnO in this way is calculated to be 3.9¢V,
while experimentally is 3.61 eV [34]. The chemical potential
for N is taken Ny molecule.

For the electrical characteristics of the defect centres, we
calculate the transition levels, E(gq, q/), defined as the electron
chemical potential where the formation energies for two charge
states, ¢ and ¢/, are equal. For example, the donor level
is the value of s, for which Ef(X,0) = Ef(X,+1), and
Ef(X,0) = Bf(X, 1) for the acceptor level.

We used a potential-alignment technique [35] to calculate
the electrostatic potential for 192 atoms for different structure
to ensure that the two terms which entering formation energy
Ex 4, Ep are accuracy.

III. RESULT

It is a potentially important observation that in many
experiments where the source species for nitrogen doping
involves N-O bonds, such as NO, NO; and NH4NOj
(ammonium nitrate), the resulting ZnO films may be activated
to produce p-type carriers [9], [17], [36]-[38]. The suspicion
might be that N-O bonds survive incorporation into the
growing films, or even that the molecules themselves form
interstitial dopants.

In addition to the preceeding molecular groups, the insertion
of a nitrate ion into the lattice might result in an interstitial
object, (NOs3);, or react with the oxygen host to form an exotic
(NOy4)o species. A superficial view of the chemistry by which
such species might be formed may involve insertion directly
of nitrate ions, or from the reaction of NOy source species
with interstitial oxygen via reactions of the type:

(N02 -+ Ol) —_— (NO4)O 2)

and
NO; + O; — (NO3);. 3)

A. Structure Details

As with previous molecular groups, the structures composed
from the addition of a single N atom and three additional
oxygen atoms to ZnO were obtained in two ways. The first is
simple insertion of the nitrate group into the lattice at a cage
site. The second was the decoration of the structure obtained
for (NO3)0p, as described in Section III.

Relaxation of such starting configurations was found to
result in two chemically distinct structures with practiacally
the same total energies. One configuration may be viewed as
a modified nitrogen substitution for an O site, described as
(NOy4)o, depicted in Fig. 1 (a). The nitrate group was found
to preferentially insert itself into a Zn—O bond (similar to the
structure of interstitial Ny molecules), and this structure is
shown schematically in Fig. 1 (b).

The N-O bond lengths in (NO4)o are calculated to be
in the range of 1.34-1.37 A which are in agreement with
experimental value for a N-O single bonds in nitrates [39].
(NO3); (Fig. 1 (b)) involves a broken Zn—O bond, with the

Fig. 1 Schematic structures of (a) (NO4)o and (b) (NO3); in ZnO. brown,
red and blue colours represent zinc, oxygen and nitrogen, respectively. The
vertical and horizontal axes are [0001]

equilibrium structure having N-O bond lengths and angles
calculated to be 1.25 Aand 119°, respectively, which is in good
agreement with the experimental values [39] of 1.21 A and
120° for the (NO3)'~ anion. The structures therefore reflect
standard N-O chemistry, at least at a structural level.
The binding energy, as determined from the following
reactions,
(NO2)It + 07~ — (NO4)§ 4)

and
(NO2){t + 0" — (NO3){ ~ (5)

are 1.8eV and 1.7eV, respectively. Based upon the current
data presented here, there are no reactions with smaller heats
of reaction, so it seems reasonable to conclude that (NO4)(1)_
represents a thermodynamically stable species relative to likely
dissociation products.

B. Electrical Levels

Fig. 2 shows plots of the formation energies (1) for (NO4)o
and (NOg);. They both yield relatively shallow acceptor levels,
around F, + 0.2eV for (NOy)o and F, + 0.24eV for
(NOg3);. These levels are in agreement with one interpretation
of bound-exciton photoluminescence from N-doped ZnO,
suggestive of an acceptor levels at ~200meV above F,
[21]-[26].

The acceptor level of the both structures are further
illustrated in Fig. 3, which shows the band-structure along
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Fig. 2 Ef vs. pe for (a) (NO4)o and (b) (NO3); defects in ZnO calculated
using the 192 atom supercell

high symmetry directions in the Brillouin-Zone (BZ). Note
the empty band is close to the valance band top, consistent
with the calculated acceptor

To understand where is the empty level come from and is it
the empty level is in the valance-band top, Fig. 4 illustrates the
wave function distribution of Kohn-Sham orbital of the empty
levels of the (NOg3) molecule and (NOg); defects associated
to the host ZnO valance-band top, where molecule grab the
electron from 2p orbital of the host oxygen atom.

C. Vibrational Modes

Finally, since both structures are based upon simple
molecular groups, it may be fruitful to determine the
vibrational frequencies that may be compared with
experimental data, such as from PL.

TABLE I
THE VIBRATIONAL MODES OF (NO3); AND (NO4)o cm ™!
Defect f (cm™ 1)
(NO3); 702 1071 1384 1392 - -
(NO4)o 703 731 929 974 989 1019

Amongst the local modes of (NO4)g' and (NO3); ',
those calculated at 1020 cm! and 1392 cm! are in notable
agreement with Raman peaks from experiment at 1150 cm!?
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Fig. 3 Band structure of (a) (NO4)o and (b) (NO3); in w-ZnO: The zero of
energy is set to be the valance band top for bulk ZnO; red and blue circles
indicate filled and empty bands, respectively

(a)

Fig. 4 Wavefunction distribution of (a) (NO3) molecule (b) the (NO3);
defects in ZnO calculated using the 192 atom supercell

and 1360 cm?! [40], [41], and 1100 cm?® and 1158 cm! [25].
These Raman features are not observed in the ZnO not doped
with nitrogen. In particular, these peaks are observed when NO
gas is used as nitrogen doped and oxygen source for nitrogen
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doped ZnO [40], [41]. The local vibration modes might be
related to the stretching vibration of NO molecule complex
[42]. In addition, a fraction of N atoms is incorporated as NO
they did not observe hydrogen related local vibrational modes
such as N-H and C-H [40].

IV. CONCLUSION

(NO4)o and (NOgs); centres in ZnO present a rather
appealing possible explanation for the production of p-type
ZnO using N-O based doping precursors. The calculated
structures show that nitrate groups are stable in the lattice,
and combined with the formation energies can be viewed a
preferentially adopting the anion state.

Conclusive assignment of the presence of these acceptors
may be found from the characteristic vibrational modes that
these complexes give rise to.
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