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Abstract

First-principles calculations are performed in order to investigate defect
equilibria in lithium zinc nitride (LiZnN). The formation energies of native
defects and their thermal equilibrium concentrations are evaluated, considering
vacancies, interstitials, and cation anti-site defects under relevant conditions of
chemical potentials. It is clarified that acceptor-like Li anti-sites are dominant
under ordinary pn,—7 conditions. The concentrations of donor-like defects,
which can compensate the negative charge of ionized Li anti-sites, are much
lower. This results in the formation of holes with a high concentration even in
undoped LiZnN.

1. Introduction

A*B* X3 -type compounds, which are sometimes referred to as Nowotny—Juza (NJ)
compounds, have been systematically synthesized since the middle of the 20th century [1-6].
In the NJ compounds, B>+ and X*~ form a framework of the zinc blende structure. As shown
in figure 1(a), the B> and X3~ are located at (0, 0, 0; 0, 1/2, 1/2; 1/2,0, 1/2; 1/2, 1/2, 0)
and (1/4,1/4,1/4; 1/4,3/4,3/4;3/4,1/4,3/4; 3/4, 3/4, 1/4), respectively. AT occupies a
tetrahedral interstitial site, either Int; at (1/2,1/2,1/2;1/2,0,0;0,1/2,0;0,0, 1/2) or Int, at
(3/4,3/4,3/4;3/4, 1/4, 1/4; 1/4,3/4, 1/4; 1/4, 1/4, 3/4), coordinated by four X*~ anions
or B2t cations. The resultant structure has a cubic lattice with a space group of F43m. The
optical and electrical properties of various NJ compounds (LiZnN, LiZnP, LiZnAs, LiMgN,
etc) have been experimentally investigated by Kuriyama et al and Bacewicz et al successively
since 1987 [7-14]. They reported that most of the NJ compounds show p-type conductivity.
Lithium zinc nitride (LiZnN) is one of the NJ compounds; it has been synthesized by
heating a mixture of lithium nitride (Li3N) and zinc nitride (Zn3N,) in a flow of NH3 [3],
or by a direct reaction between NH3; and LiZn [7, 8]. The crystal structure is shown in
figure 1(b). Li™ occupies the Int; site surrounded by four N3~ anions. Kuriyama et al
evaluated the optical properties by photo-transmittance measurements and photo-acoustic
spectroscopy [7, 8], revealing that LiZnN has a direct bandgap of about 1.9 eV. Although the
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Figure 1. Crystal structures of (a) Nowotny—Juza compounds and (b) LiZnN.

electrical properties of LiZnN have not been well understood, the direct bandgap is of interest
in view of applications in optoelectronics.

In this work, we investigate native defect equilibria in LiZnN using first-principles
calculations.  Although the electronic structure of the perfect LiZnN crystal has been
theoretically elucidated [15, 16], calculations on the native defects have not been reported.
The formation energies and thermal equilibrium concentrations of native defects are calculated
under relevant conditions of chemical potentials. Based on the results, defect species that can
be closely related to the electrical properties are discussed.

2. Calculation methods

2.1. Electronic structure and total energy

The calculations were performed using a first-principles projector augmented wave (PAW)
method [17] as implemented in VASP code [18-22]. For the exchange correlation, we
employed the generalized-gradient approximation parameterized by Perdew, Burke and
Ernzerhof (GGA-PBE) [23]. The plane wave cut-off energy was set to be 500 eV. 2s 2p for
Li, 3d 4s for Zn and 2s 2p for N were treated as valence.
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Prior to defect calculations, the electronic structure of the perfect LiZnN crystal was
investigated. We used the primitive cell (three atoms) and Brillouin zone integration was
made using a 6 X 6 x 6 k-point mesh (28 irreducible k-points) according to the Monkhorst—
Pack scheme [24]. The calculated lattice constant, 4.93 A, is within typical GGA errors from
experimental values, 4.88 A [3], 4.91 A [7], and 4.90 A [8]. Calculating the total energy of a
defective cell, we used a 324-atom supercell, constructed by 3 x 3 x 3 expansion of the unit
cell, and a single k-point sampling at the I" point. The atomic positions were fully relaxed
according to the Hellmann—Feynman forces [25] until the residual forces converged to be less

than 0.05 eV A"

2.2. Formation energy and concentration of native defects

The formation energy of a defect in a charge state ¢ is defined as [26]

Efom (@) = Eigei' (@) — Z nipu + qler + Evpml, (1
]

where EX(g) is the total energy of a defective cell, n; is the number of / atoms in the
defective cell, u; is the chemical potential of atom / in LiZnN, and ¢f is the Fermi level
measured from the valence band maximum (Evygy). The difference between Evgym of the
charged defective cell and that of the perfect cell was corrected using average electrostatic
potentials for atoms in accordance with [27].

The calculated defect formation energy may include some errors because GGA (and LDA)
generally tends to underestimate the bandgap energy. Actually, our result for the perfect LiZnN
cell, which will be detailed in section 3.1, shows that the bandgap is underestimated by 1.4 eV.
If a defect level has an orbital character similar to the conduction band, it should be also
underestimated. In such cases, as is often the case with donor-like defects, the formation energy
can be corrected as follows:

Eform(g; corrected) = Egom(g; calculated) + mAE,, )

where m is the number of electrons occupied at the defect level, and AE, is the difference
between the experimental and calculated bandgaps (1.4 eV).
The thermal equilibrium defect concentration can be given by
Edefect( q)

Cdefect = Nsite Nconﬁg exXp\ — form . (3)
kgT

Niite and Nconfie are the numbers of sites per unit volume and of equivalent configurations
for the defect, kg is the Boltzmann constant, and 7 is the temperature. Electron and hole
concentrations (n and /) can be evaluated by following equations:

mekT 32

n= 2< Fys) ) expl(er — Eg)/kT], “4)
mpkT 3/2

h = 2( Py ) expl—er/kT], (5)

where E, is the bandgap, and m. and m,, are the effective masses of the electron and hole,
respectively. For E,, the experimental value of 1.9 eV [7, 8] was used. m. and my, were obtained
from the curvatures of bands near the valence band maximum (VBM) and the conduction band
maximum (CBM), by the following equation:

1 1 d%

A _1de 6
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Figure 2. (a) Schematic phase diagram for the Li-Zn-N system. A-D correspond to the
equilibrium conditions of LiZnN-Njp-Li3N, LiZnN-LizN-LiZn, LiZnN-LiZn—Zn, and LiZnN-
Zn-N», respectively. (b) The range of chemical potentials where LiZnN is stable. A-D mean
the same equilibrium conditions as in figure 2(a).

Defect concentrations under respective conditions of chemical potentials (4ri, zn, UN)
can be obtained using the charge neutrality condition, which is given by
h —n+ Z quefeCt(q) =0. (7)

defect

2.3. Atomic chemical potentials

The chemical potential of each element must be specified in calculating the defect formation
energies. First of all, ft14, tzn, and pn in LiZnN are constrained by the following condition:

MLi + Uzn + UN = HULiZoN, (8)

where pt1iznn 1S the chemical potential of LiZnN. upiz,n was replaced by the calculated total
energy of the perfect LiZnN crystal. Assuming equilibrium states among three phases, [y,
Uz and pn can be uniquely determined. Since experimental phase diagrams are not available
for the Li—Zn—N system, we determined the phase equilibria using calculated total energies
of metallic Li and Zn, N, gas, LiZn, Li3N and Zn3N,. The result is shown in figure 2(a).
Zn3N, was calculated to be unstable at the ground state and therefore does not appear in the
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figure. Four equilibrium conditions are found, which are (A) LiZnN-N,-Li;N, (B) LiZnN-
LizsN-LiZn, (C) LiZnN-LiZn—Zn, and (D) LiZnN-Zn—N,. These conditions correspond to the
limits of the chemical potentials. When the references for the chemical potentials are defined
as

pi(in Li) = 0, Hzn(in Zn) = 0, pn(in Np) = 0, (€))

ULi, Mzn and pn at O K vary within the shaded area as indicated in figure 2(b). If other
equilibrium phases were considered, the stable region of LiZnN would become smaller.

In the present study, we take into account the temperature dependence of the chemical
potentials of the nitrogen gas phase (N»(g)), which is expected to have much greater
temperature dependence than those of solid phases. Using the ideal gas approximation, the
temperature dependence of the nitrogen chemical potential is given by

px = 3EN, + 3hv + kT In(pVo/kT) — kT In Zyo — kT In Zyip], (10)

where EY, is the electronic energy of a nitrogen molecule, 1/2hv is the zero-point vibrational
energy, and p is the pressure. Vy is the quantum volume defined as (h?/27mkT)/?. Zy and
Z,j, are the rotational and vibrational partition functions. Ey, was replaced by the calculated
total energy. Z,, was obtained using the model of a rigid rotor, and the eigenfrequency v
and Z,;, were evaluated by means of the frozen phonon method combined with first-principles
calculations [28]. The temperature dependence of the nitrogen chemical potentials obtained by
equation (10) agrees with the experimental values within an error of 0.1% up to 3000 K under
atmospheric pressure (10° Pa) [29].

3. Results and discussion

3.1. Electronic structure of perfect LiZnN

Figure 3 shows the calculated electronic band structure and density of states (DOS) of the
perfect LiZnN crystal. Calculations of projected DOS indicate that the lowest band located at
—14.5 to —13.0 eV corresponds to N 2s states. Zn 3d and N 2p states lie at —7.0 to —5.5 eV
and —5.5 to 0.0 eV, respectively. The conduction band is mainly composed of Li 2sp and
Zn 4sp. Both the VBM and CBM are located at I' point, giving a direct gap in consistency
with previous experimental [7] and theoretical [15, 16] reports. The calculated bandgap energy
is 0.53 eV, which is underestimated by about 1.4 eV as compared with experimental values of
about 1.9 eV [7, 8].

The carrier effective masses in LiZnN were estimated from the curvatures of bands near
the VBM and CBM. The electron and light hole effective masses were found to be nearly
isotropic, both about 0.2m(, where m is the mass of a free electron. On the other hand, the
heavy hole showed a strong anisotropy, 0.9m and 1.9m, in the L-direction and in X-direction,
respectively.

3.2. Formation energy of native defects

We computed the formation energies at O K of the vacancies (Vij, Vz,, and Vy), the tetrahedral
interstitials (Inty) (Li;, Zn;, and N;), and the cation anti-site defects (Zny; and Liz,), including
corrections as given in equation (2). Figures 4 show the resultant formation energies as
a function of the Fermi level ¢ under the equilibrium conditions of (a) LiZnN—N,-Li;N,
(b) LiZnN-Li3N-LiZn, (c) LiZnN-LiZn—Zn, and (d) LiZnN-Zn-N,, respectively. In these
figures, the zinc and nitrogen interstitials are not shown because of their extremely high
formation energies, which are more than 5.5 eV with neutral charge states under all equilibrium
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Figure 3. Electronic band structure and density of states (DOS) of perfect LiZnN. The valence band

maximum is set to be zero.
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Figure 4. Defect formation energies as a function of the Fermi level e, under the conditions of
(a) LiZnN-N»-Li3N, (b) LiZnN-LizN-LiZn, (c) LiZnN-LiZn—Zn, and (d) LiZnN-Zn-N,.

conditions. Only the most stable charge state of each defect species is plotted against &f.
According to the definition of formation energy in equation (1), the gradient of formation
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Figure 5. The formation energies of (a) acceptor- and (b) donor-like defects with the Fermi level
located at the valence band maximum. The horizontal axis corresponds to equilibrium states along
the lines around the shaded area in figure 2(b).

energy corresponds to the charge state, g. The defect transition level can be described as the
point of change in slope, where two charge states show the same formation energies. Positive
gradient means that the defect is a donor type, whereas negative shows an acceptor type.

Figure 4(a) indicates that under the Li- and N-rich condition, the most dominant defect is
a substituted Li for Zn (Liz,), i.e., the Li anti-site, when ¢f is close to the VBM. The formation
energy of Vz,(—2) is equal to that of Liz,(—1) at eg &~ 1.2 eV, and Vz, shows the lowest
formation energy with e near the CBM. Among the donor-like defects, the lithium interstitial
Li; is the most stable one in the whole range of ep; however, it is energetically less favourable
than the acceptor-like defects. Under the N-poor conditions shown in figure 4(b) or (c), the
formation energies of the donor-like defects become relatively low compared with the N- and
Li-rich condition A. Still, they remain higher in energy than the acceptor-like Liz,.

In the phase equilibrium condition of LiZnN-Zn—N, shown in figure 4(d), it should be
noted that the formation energy of Vy; is lower than that of Liz, over the whole range of ¢f, and
that the donor-like Zny; is the most dominant defect near the VBM. Figures 5(a) and (b) show
the formation energies of acceptor- and donor-like defects when ¢ is located at the VBM. The
horizontal axis corresponds to equilibrium states along the lines surrounding the shaded area in
figure 2(b). Acceptor-like Liz, has the lowest formation energy in almost the whole range of
chemical potentials. Zny; and Vy; are energetically more favourable only near the condition D.

7



J. Phys.: Condens. Matter 19 (2007) 046201 K Toyoura et al

10

(6]
T

Atmospheric pressure

& o
T

Log(p™ /py) [p, = 10° Pa]
>

0 200 400 600 800 1000

Figure 6. Calculated decomposition nitrogen partial pressure as a function of the temperature.

3.3. Thermal equilibrium concentrations of native defects

In this section, we discuss the dependences of the thermal equilibrium concentrations of native
defects on the temperature 7" and nitrogen partial pressure py,. We focus on the equilibrium
condition D, because equation (3) should not be applied for the other conditions, where the
cation ratio (Li/Zn) of LiZnN is expected to deviate far from the stoichiometric composition
due to the low or negative formation energy of Liz,.

Before investigating the 7 and p, dependences of the defect formation, we confirmed
the thermal stability of LiZnN with respect to the reference phases such as Zn and LiZn. At
elevated temperatures or low py;,, i of nitrogen gas decreases according to equation (10), and
then the value of wyx under the condition D gradually comes close to that of C at 0 K, —0.47 eV
in figure 2(b). Finally, the stable region of LiZnN vanishes when py of nitrogen gas becomes
lower than —0.47 eV. This situation can be expressed by the following relation:

MLizaN > KLize + SUN,, (11)

which means the decomposition of LiZnN into LiZn and N, gas. Figure 6 shows the
calculated decomposition nitrogen partial pressure pﬁicomp as a function of the temperature.
This pressure corresponds to the lower limit of stable conditions for LiZnN. LiZnN decomposes
at temperatures higher than ~500 K under atmospheric partial nitrogen pressure, which is
comparable with the report that LiZnN decomposes at 773 K in a stream of nitrogen and
hydrogen mixed gas (without description of the N,/H; ratio) [3].

Figure 7 is a plot of the defect and carrier concentrations against the Fermi level e under
the standard condition of pn, = 10° Paand T = 298 K. As a result of charge neutralization, the
cross point of the Liz,(—1) and hole lines approximately gives the Fermi level (¢g = 0.15 eV)
and their concentrations (3 x 10'7 cm™3) under the thermal equilibrium state. The most
dominant defect, acceptor-like Liz,(—1), and holes predominantly compensate their charges
with each other, because the other defects are not formed in substantial concentrations due
to their high formation energies. The pn, dependence of the concentrations of defects and
carriers at room temperature (298 K) is shown in figure 8. In the whole range of py, from
1072 to 10® Pa, Liy, is the major defect, and the Fermi level is located near the VBM.
At higher py,, under which pp; decreases and py increases, the formation energy of Liz,
becomes higher and the Fermi level shifts to higher energy. This is why the concentration
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Figure 7. Defect and carrier concentrations as a function of the Fermi level under the standard
condition of py, = 10° Paand T = 298 K.
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Figure 8. pn, dependences of the thermal equilibrium concentrations of defects and holes, and
Fermi level at room temperature (298 K).

of the dominant acceptor-type defect Liz,(—1) decreases as pn, becomes higher. Figure 9
shows the temperature dependence of defects and carrier concentrations under atmospheric
px, of 10° Pa. The concentrations of all defects increase with elevating temperature, and that
of the dominant defect Liz, reaches 5 x 10?° cm™ at 500 K. At temperatures higher than
500 K, LiZnN decomposes into LiZn and N, gas within the present calculations, as described
in figure 6.

These results revealed that acceptor-like Liz, is the major defect under the ordinary pn,—7T
range in the equilibrium condition D, i.e., LiZnN-Zn-N,, although the formation energy of
the lithium vacancy Vip; is the lowest at O K. Under the other conditions, Liz, has lower
formation energy than that under the condition D, and is evidently dominant, as recognized
in figures 4 and 5. Therefore, Liz, is considered to be the major defect in most of thermal

9



J. Phys.: Condens. Matter 19 (2007) 046201 K Toyoura et al

22 0.35

20 -

18 0.3
g 16 0.25 .
n 14 @
ST 0.2 2
=~ 2
Q10 015 %
3 8 D
) =
S 6 0.1
(o]
- 4

0.05

2

0 0

1 500

Figure 9. Temperature dependences of defects and hole concentrations, and Fermi level under
atmospheric nitrogen partial pressure (pn, = 10° Pa).

equilibrium conditions. This suggests that LiZnN grown under ordinary conditions shows p-
type conductivity. Although no experimental reports on electric conductivity can be found for
LiZnN, other NJ compounds, such as LiZnP or LiZnAs, have been experimentally reported to
show p-type conductivity [9, 11].

4. Conclusions

We have investigated defect equilibria in LiZnN using a first-principles PAW method. The
substituted lithium for zinc, Liz,, is found to be the most dominant defect in most thermal
equilibrium conditions. The concentration of Liz, increases as the nitrogen partial pressure
becomes lower and the temperature becomes higher, to reach 5 x 10%° cm™3 at 500 K under
the equilibrium condition of LiZnN-Zn-N; (pn, = 10° Pa). As Liy, is an acceptor-like defect,
LiZnN prepared in thermal equilibrium conditions is likely to show p-type conductivity.
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