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Abstract
Finding potentialmaterials for solar cell applications is essential to reduce cost and enhance efficiency.
Wehave employedDensity Functional Theory (DFT) based calculations for novel nitrides of type
A3N2 (A=Mg, Zn ans Sn) and Sn3N4 tofind the ground state crystal and electronic structure. The
structural parameters optimized by theoretical calculation are in good agreementwith the
experimental parameters. In order to obtain Sn3N2 and Sn3N4 experimentally, we are suggesting a new
synthesis route from the calculated enthalpy of formation. The studied nitrides exhibit semiconductor
behavior with direct band gaps. Band gap of 1.7 eV is obtained forMg3N2 fromGGA calculation. For
Sn3N4 band gaps of 0.24 eV and 0.7 eV are obtained usingGGA and LDA calculations, respectively,
whereasGGA+Uwas used to obtain band gap in Zn3N2. The bonding behavior is analyzed in detail by
using charge density and electron localization function plots. In addition, COHP (CrystalOrbital
Hamiltonian Population) is utilized to retrieve bond strength values. Charge transfer from cation to
anion decreases fromMg to Sn and correspondingly bond strength between themetal andNitrogen
atoms is also found to increase fromMg to Sn, which indicates increase in covalent nature of bonding
fromMg to Sn. Zn3N2 is found to have the possibility for n-type as well as p-type doping because of the
low effectivemass of electrons and holes compared to other studied nitrides. Hence, Zn3N2 has
suitable conductive properties to be used as a solar cellmaterial.

1. Introduction

Solar energy is one of themost-viable renewable energy sources, conversion of solar energy into other forms of
energy such as electrical and thermal takes placewith the help of optoelectronic and solar thermal devices,
respectively. Thematerials constituting the devices determine the efficiency and stability of such devices.
Finding suitable optoelectronicmaterials for photovoltaic conversionwith good efficiency is a big challenge for
researchers.

Wide band gap and high electrical conductivity of transparent conducting (TC)materialsmake them
attractive and useful for solar energy conversion.Hence thesematerials play important roles in solar cells as
window aswell as transparent electrical contacts. In addition, they are used in other optoelectronic devices like
light emitting diodes, flat panel displays and optical sensors [1]. Thermal infra-red radiation is reflected by TC
materials, which is useful for energy conservingwindows and low emissivity windows [2].

Transparent ConductingOxides (TCO) are in the frontier of the TCmaterials research. During the last few
decades, the dominant TCOs have been TinOxide (SnO2), IndiumOxide (In2O3), Indiumdoped TinOxide
(ITO) andZincOxide (ZnO), because of their high electrical conductivity and optical transparency. Recent
development of optoelectronic devices needs amaterial with high chemical stability, high refractive index to
reduce the light reflection loss at the interface and effective optical transparency for high efficiency solar cells [3].
As these requirements are difficult to achieve only using conventional TCO, the TCmaterials research is
extended beyondTCOs. The nitride TCs are expected to have the ability to overcome these drawbacks of TCOs,
as they are havingwide and direct band gap, large bulkmoduli, high carrier concentration, high electron
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mobility and low production cost [3]. It is well known that, group III nitrides such as, GaN,AlN and InNhave
been studied extensively and are used in various optoelectronic applications.

Mg3N2 is a group-IImetal nitride used as a catalyst in the preparation of silicon and boron nitride and also
has interesting electronic properties. Fromneutron diffraction refinementMg3N2 is shown to have cubic anti-
bixibyte structure [4]. Experimental optical diffusion spectrumgives the band gap of 2.8 eVwhereas theoretical
study based on local spherical wavemethod using scalar relativisticHamiltonianwith LDA exchange correlation
gives a direct band gap of 1.10 eV [5]. The high electrical conductivity ofMg3N2 is said to result from theMg 3s
andN2s states present in the conduction bandminimum [5]. Calculationwith linear combination of atomic
orbitalsmethod showsMg3N2 has an indirect band gap of 2.25 eV betweenΓ point and a point betweenΓ andN
[6].More investigation is needed to reveal band features, bonding nature and conductivity properties ofMg3N2.

Recently, the group II nitride compoundZn3N2 has been attractingmore attention for optoelectronic
applications. Zn3N2 has been reportedwith interesting properties such as, high carrier concentration [3, 7], low
electron effectivemass [(0.08±0.03)mo] fromnon parabolic conduction bandmethod [8] and
(0.29±0.05)mo fromFTIR reflectivemeasurements [9], which leads to high electronmobility [3, 7, 8, 10]. The
refractive index is found to be 2.0–2.8 from the reflectancemeasurements [9, 11], and 2.3–2.7 fromoptical
measurements [12]. But the opticalmeasurements of oxidized samples show a refractive index of 1.6–1.8 [12]
and also the transmittancemeasurements of oxidized samples show a refractive index of 1.7–2.4 [13].

Various experimental studies report the direct band gap of Zn3N2 ranging from1.01 eV to 3.44 eV.
Temperature dependentHall effectmeasurements [14] and reflectancemeasurements [15] of RFmagnetron
sputtered Zn3N2 thin films show a band gap of 1.01 eV, whereas opticalmeasurements show the band gap value
as 2.9–3.2 eV [3, 16]. By increasing the carrier concentration, band gap increases as a function of carrier
concentration from1.06 eV for the Zn3N2 thin films prepared by RFmolecular beam epitaxy and chemical
vapor deposition [9]. Absorption spectra of RFmagnetron sputtered Zn3N2 thin films show the band gap of
1.23 eV [7], photo luminescence spectrum exhibits the band gap of 2.76 and 3.22 eV [17]. Opticalmeasurements
ofDCmagnetron sputtered Zn3N2 thinfilms show the band gap of 1.31–1.48 eV and 3.44 eV for oxidized and
unoxidized samples, respectively [12]. Transmittancemeasurements of thin films prepared by RF plasma
assisted pulsed laser depositionmethod shows 3.2 eV band gap [12].

Density Functional Theory (DFT) based calculations onZn3N2 give different values of band gap depending
on the different exchange correlation functional used. The band gap of Zn3N2was calculated as 0.03, 0.62,
0.23 eVby functionals LDA, LDA+U and PBE+U, respectively [18]. The band gap valuewas improved by using
exchange correlation functionals TB-mBJ,HSE06, PBE0, andGoWo to 0.95, 0.86, 1.48, and 1.15 eV, respectively
[18]. It was found that oxygen contaminationwithout intentional doping leads to high carrier concentration and
large optical band gap [9] and oxygen dopingmakes Zn3N2 thinfilms becomemore conductive [3]. Another
important property of Zn3N2 is, itmay be converted to p-type ZnOunder suitable thermal oxidation [3, 19–23],
which is useful tomake ZnO p-n homo junctions. The p-type conductivity in Zn3N2 is theoretically shown to be
introduced byCu substitution atN sites [24]. Hencemore research efforts are needed to reveal conductivity
fromband features, hybridization and bonding nature of Zn3N2.

Recently one of the group-IV nitrides Sn3N4 has attracted attention due to its good semi-conducting and
electro-chromic properties.Moreover nano-crystalline Sn3N4 is used as a negative electrodematerial for Li-ion
andNa-ion batteries [25]which has high stability up to 370 °C in vacuum [26]. Hexagonal phase of Sn3N4 thin
films prepared by RFmagnetron sputtering shows n-type conductivity and absorption spectra gives an indirect
optical band gap of 1.5 eV [27]. Opticalmeasurement of reactive sputtered Sn3N4 thinfilms also gives the band
gap of 1.5 eV [28]. Later the bulk Sn3N4was prepared using chemical reaction of tin halides with potassium
amide and refinement using x-ray and neutron diffraction revealed cubic spinel structure [29]. First principles
total energy calculationwith LDA exchange correlation functional also concurredwith the cubic spinel structure
but showed a direct band gap of 1.153 eV [30]. An orthogonalized linear combination of atomic orbitalmethod
with LDA calculation gave the band gap value of 1.29 eV [31]. DFT+GWwithGGA exchange correlation
provides the direct band gap of 1.54 eV, small electron effectivemass of 0.18mo and large hole effectivemass of
12.9mo [32], which leads to small hole diffusion length. Further research efforts are needed to develop Sn3N4 for
semiconducting applications.

In this report, we present the results ofDFTbased calculations onA3N2 (A=Mg, Zn and Sn) and Sn3N4, on
their structural stability and electronic structure properties such as, band structure, density of states (DOS),
effectivemass of charge carriers are analyzed in detail. Formation of bonds between constituent atoms is
explored using charge density and electron localization function (ELF) plots.We have computedCrystal Orbital
Hamiltonian Population (COHP) to explore bonding, anti-bonding states and bond strengths between any two
constituent elements of the studied systems.
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2. Computational details

First principles calculations are used to explore thematerial properties based on projected augmented plane
wavemethod [33] implemented in theVienna ab-initio Simulation Package (VASP) [34]. All calculations are
done using planewave cutoff energy 400 eV for optimization and 550 eV for electronic structure calculations.
The ions are completely relaxedwith force and stressminimizationwith convergence criteria 10−6 eV per unit
cell for total energy and�1 meVÅ−1 for forceminimization. The exchange correlation effects are treated under
LocalDensity Approximation (LDA) [35] andGeneralizedGradient Approximation (GGA) [36]with Perdew
Burke Ehrenkof (PBE) functional. Strongly correlatedmaterials are treated additionally withHubbardU
parameter based on simplified rotationally invariant approach to the LSDA+U [37]with variousU values. The
k-point grid of ´ ´8 8 8withMonkhrost-Pack [38] schemewas used throughout the calculations. Bond
strengths between the constituent atoms are computed using COHP [39], which is implemented in the tight
binding linearmuffin-tin orbital (TBLMTO-47) package [40, 41]. The charge density andELF obtained from
VASP calculation are plotted usingVesta 3D visualization tool [42].

3. Results and discussion

3.1. Structural Properties
Experimental structural refinement ofMg3N2 andZn3N2was done by Partin et al, [4]The crystal structure of
Mg3N2 andZn3N2 is body centered cubicwith space group ¯Ia3 (No: 206) known as anti-bixibyte structure. In
this structure themetal atomoccupiesWyckoff positions e48 and twodifferent types ofN [N(1) andN(2)]
occupy the 8b and 24dWyckoff positions, respectively. The conventional unit cell has 80 atoms, projected along
c-axis (figure 1(a)). Everymetal atom is surrounded by four nitrogen atoms forming tetrahedral co-ordination
(figure 1(b)). Both types ofN atoms are surrounded by sixmetal atoms, forming lightly distorted octahedral co-
ordination. For the case of Sn3N2, experimental studies are hitherto not available. Hencewe have predicted the
structural parameters for Sn3N2 in the anti-bixibyte structure.We performed complete structural relaxation by
startingwith guessed structural parameters using ionic radii ofMg2+ andZn2+, as a scaling factor.We obtained
the guessed structural parameters by extrapolating those ofMg3N2 andZn3N2.

Sn3N4 crystallises in cubic spinel structure (figure 2(a)), with space group Fd-3m (No: 227) [29]. There are
two types ofmetal atoms Sn(1) and Sn(2) occupying the 8a and 16dWyckoff positions, and forms perfect
tetrahedral (figure 2(b)) and octahedral(figure 2(c)) co-ordinations, respectively. The nitrogen atoms occupy the
32eWyckoff positions and every nitrogen atom is surrounded by fourmetal atoms.

The experimental structural parameters (except for Sn3N2) are taken as initial parameters for complete
structural optimization. The structural parameters obtained after force aswell as stressminimization are
tabulated in table 1. The theoretically optimized structural parameters are found to be in good agreementwith
experimental results andwere used in our further calculations. Due to the over binding nature of LDA,
calculated lattice parameters are underestimated compared to the experimental values by 1.5%, 2% and 0.5% for
Mg3N2, Zn3N2 and Sn3N4, respectively. GGAoverestimates the structural parameters compared to the
experimental values by 0.4%, 0.8% and 1.2% forMg3N2, Zn3N2 and Sn3N4, respectively. However,
experimental lattice parameters are not yet available for Sn3N2. The optimized lattice parameters are
overestimated than the assumed parameters. The effect of LDA andGGAon Sn3N2will be knownonly, if
experimental values become available.

Figure 1. (a)Anti-bixibyte Crystal Structure. (b)Tetrahedral coordination of themetal atom.
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In order tofind energetic stability of the compounds, we calculated formation energywhich is given in
table 1.Negative formation energy of bothMg3N2 andZn3N2 confirms the formation of these compounds by
passing theN2 gas over themetal atoms.We considered the energetics of the following chemical reactions, for
finding relative stability of Sn3N2 and Sn3N4.

+
+

⟶
⟶ ( )

Sn N Sn N
Sn N Sn N

3 2
3 1

2 3 4

2 3 2

+ +
+ +

⟶
⟶ ( )

Sn NH Sn N H
Sn NH Sn N H

3 4 6
3 2 3 2

3 3 4 2

3 3 2 2

The formation energy of Sn3N2 and Sn3N4 by equation (1) is found to be 2.39 eV and 1.21 eV respectively, On
the other hand, by treatingNH3withmetallic Sn (equation 2) the formation energies are−13.762 and−31.058
for Sn3N2 and Sn3N4, respectively, indicating that chemical reaction given by equation (2) ismore probable to
occur. Sn3N4 is found to bemore stable than Sn3N2, because En[Sn3N4] (−43.801 eV)<En[Sn3N2+N2]
(−26.503 eV). Usually Sn can have two oxidation states of Sn2+ and Sn4+. Sn2+ oxidizes and converts into Sn4+

under ambient atmosphere, which leads to instability of Sn2+ compounds [43]. Lower formation energy of
Sn3N4 fromour energetic study also confirms that, Sn3N4 ismore stable than Sn3N2, and other nitrides
considered in this study.

3.2. Electronic structure properties
3.2.1. Band structure andDOS
In a solid, electrons aremoving as waves in the electric field created by nuclei and nearest electron clouds.Wave
functions corresponding to thesemoving electrons in different energy levels are plotted as a electronic band
structure to explore the conductivity properties of solids. Integrating electronic bandwith respect to energy
providesDensity of States (DOS)within a given energy range, which elucidates contribution of an atomand its
orbitals to the particular energy bands.

Figure 2. (a)Cubic spinel structure of Sn3N4. (b)Tetrahedral coordination of Sn(1). (c)Octahedral coordination of Sn(2).

Table 1.Calculated lattice parameter, formation energy and band gap of studiedA3N2 (A:Mg, Zn and Sn) and Sn3N4 compounds.

Compounds
Lattice parameter(Å)

Formation energy (eV)
Band gap (eV)

LDA GGA Exp Present Experiment

Mg3N2 9.821 9.990 9.952 [4] −4.059 1.7b 2.8 [5]
Zn3N2 9.593 9.847 9.769 [4] −0.893 0b, 1.01–3.44 [3, 9, 12, 14–17]

0.13c, 0.26d, 0.4e

Sn3N2 11.195 11.543 10.044a −13.762 0 Not available

Sn3N4 8.992 9.139 9.037 [29] −31.058 0.24b, 0.7f 1.5 [28]

a Assumed lattice parameter.
b Based onGGA calculation.
c Based onGGA+UcalculationwithU=6 eV.
d U=8 eV.
e U=10 eV.
f Based on LDA calculation
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Electronic band structure (figure 3(a)) and total and partial DOS (figure 3(b)) forMg3N2 are calculated using
GGA exchange correlation functional. The valence bandmaximum (VBM) and conduction bandminimum
(CBM) occur atΓ point which implies a direct band gapwith gap energy of 1.7 eV, whereas experimentally
measured value is 2.8 eV [5]. It is well known thatDFTusually underestimates the band gap.However, our result
is in better agreement with experiment, compared to a study based on local spherical wavemethodwith LDA,
which gives the band gap of 1.10 eV [5]. Another theoretical studywith linear combination of atomic orbitals
showed an indirect band gap value of 2.25 eV [6]. DOS plot shows that the upper valence band ofMg3N2 extends
from−4 eV to EF and containsmostlyN p states and small trace amount ofMg s and p states becomes visible
only aftermultiplying by 10 and 20 times, respectively. This implies thatMghas donated its outer electrons toN,
forming significant ionic bonding betweenMg andN. The sharp peak near the EF arises due to the presence ofN
py orbital states resulting in flat band at VBM.These localized energy states at VBMcan increase the resistivity of
p-type carriers in thematerial. Conduction bandminimum iswell dispersed due to the contribution ofMg 3s
states, in agreementwith previous theoretical work [5]. This dispersed nature of energy states provides high
mobility to negative charge carriers, which is useful for photovoltaic applications.

Electronic band structure, total and partial DOS for Zn3N2 are shown infigures 4(a) and (b). Owing to strong
correlation effects arising fromZn 3d orbital states, GGAwas unable to showband gap in the calculated band
structure. A similar DFT study usingGGAwas also unable to showband gap [24]. Hencewe have performed
additional calculations by includingHubbardU parameter into the exchange correlation functional. A small
energy gap is opening upwith values of 0.13, 0.26 and 0.4 forU values of 6, 8 and 10 eV, respectively. Our
GGA+U calculation results are in compliancewith already published theoretical results [18], but the band gap is

Figure 3.The calculated (a)Electronic band structure. (b)Total and partial DOS ofMg3N2 usingGGA.

Figure 4.The calculated (a)Electronic band structure. (b)Total and partial DOS of Zn3N2 usingGGA+U (U=8 eV).
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still underestimated compared to the experimental values [3, 7, 9, 12, 14–16]. It is observed that thewidth of Zn
3d bands calculated usingGGA+U is slightly narrower than that obtained usingGGA.

TheDOS calculated usingGGA shows that the valence band is continuously distributed from−7.6 eV to EF.
High peaks are seen from−7.5 to−5.5 eV, due to the Zn 3d orbitals. By addition ofHubbardUwithGGA, these
continuously distributedDOS splits into two regions one from−9.6 to−7.9 eV and another one from−5.5 eV
to EF (figure 4(b)). Now the high peaks are seen from−9.6 to−7.9 eVdue to the addition ofHubbardUwith
GGA.Due to the shift in these localized Zn 3d orbital states thewhole valence band is pushed down fromEF and
opens a gap betweenVBMandCBM.As in the zincmonochalcogenides [44], height of the Zn 3d orbital states
calculatedwithinGGA+U ismore than the value calculatedwithinGGA indicating that Zn 3d orbital states
becomemore localizedwhile applying onsite coulomb interactionwithGGA.Calculated band gapwith
GGA+U has better agreementwith experimental results than that fromGGA indicating that strong correlation
effects of Zn 3d electrons are important.

Orbital projectedDOS calculated usingGGA shows that the high peaks occurring in the region of−6.4 eV
and−6 eV is due to Zn -d3 x y2 2 and d3 z2, respectively. There are significant amount ofN 2p states also present in
this energy range. Particularly there is a possibility for Zn d3 z2 andN2pz orbitals to hybridize and produce
significant covalent bond between these atoms.However, by includingHubbardUZn 3d orbital states are
shifted to lower energy range as described above. Consequently Zn 3dyz and 3dzx orbital states becomemore
localized at−9 eV and−9.5 eV, respectively. Some of theN 2p states also shifted to lower energy levels due to the
effect ofHubbardUwithGGA. Small peak arising fromN2pz states at−9.5 eV indicates its possibility to
hybridize with Zn 3dzx orbitals. In Zn3N2 alsoGGA+U shows less interaction between the orbitals compared to
the results calculated usingGGA,which indicates that originally the Zn3N2might havemore ionic type of
bondingwith non negligible covalent character. Because ofN 2p orbital states VBM is less dispersed compared to
CBMwhich is formedmostly due to Zn 4s orbital states. This dispersed band at CBMcan lead to increase in the
mobility of negative charge carriers. Hencewith appropriate doping Zn3N2 can become n-type semiconducting
material useful for photovoltaic applications.

Calculated electronic band structure for Sn3N2 elucidates itsmetallic behavior. Hence thismaterial is not
considered for further discussions. Electronic band structure (figure 5(a)) and total and partial DOS (figure 5(b))
for Sn3N4 are calculated and plotted. Direct band gap of 0.7 eV and 0.24 eV is observed at theΓ point fromLDA
andGGA calculations, respectively. Our calculated band gap is highly underestimatedwhile comparing to the
experimental band gap of 1.5 eV obtained using optical spectra [28] and theoretically calculated band gaps of
1.15 eV [30], 1.29 eV [31] and 1.54 eV [32]. Total DOS shows that the valence band extends from−9 eV to EF. As
the core levels are not involved in bonding, we have plottedDOS from−8 eV to EF. Partial DOS shows that lower
part of the valence band from−8 eV to−6 eV ismostly constituted by Sn s orbital states. Above−6 eV to EF
energy states aremostly due to the p orbital of Sn andN and there is a small contribution fromSn d orbital states.
The peak occurring at−3.5 eV is due to Sn(1) p p,x z , Sn(2) py andN py orbitals. The energetic and spatial
degeneracy betweenN py and Sn(2) py states indicates that these two orbitals have the possibility to hybridize
with each other. The small peak due toN pz and Sn(1) pz orbitals is observed at−2.5 eV,which also indicates the
hybridization between these two orbitals. Above−2 eV to EFmost of the states are due toN p orbital states,
particularly due toN px orbital states and there is a small amount of Sn(2) d orbital states also present in this
energy range. In [45], vanadiumoxides are studiedwhich have both tetrahedral and octahedral coordination.

Figure 5.The calculated (a)Electronic band structure (b)Total and partial DOS of Sn3N4 usingGGA.
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Owing to the distortion in the octahedra the gt2 and eg orbitals are shown to bemixed. Similarly Sn3N4 has both
tetrahedral as well as octahedral coordinationwithout any distortion. But here no splitting of d4 orbitals is seen
because, all the d4 orbitals are completelyfilled, leading to spherical distribution. Due to the presence ofN p
orbitals, the VBM is less dispersed compared to theCBMwhich is constituted by Sn s orbitals. This dispersed
band at CBMprovidesmore conductivity to negative charge carriers, compared to the holes inVBM.Hence,
Sn3N4might become good n-type semiconductormaterial by substitution of a suitable impurity.

3.2.2. Effectivemass calculation
Effectivemass is one of the best descriptors ofmobility and conductivity of charge carriers. Charge carriers
moving inside the solids (through the electric field created by ions)will have amomentumdescribed by

=
 
p m v0 wherem0 is restmass of an electron and


v is its velocity. Effectivemass determines the effects of an

external force due to crystal lattice on themomentumofmoving charge carriers, which can be calculated using

* 
=

m

d E

dk

1 1
2

2

2 from the E(k) relation. Severalmethods are employed in the calculation of effectivemass, such as

parabolic curve fittingmethod,finite differencemethod, etc.We calculated effectivemasses for the studied
nitrides along specific direction using the finite differencemethod and the values are given in table 2. As theCBM
of above studied nitrides are well dispersed, the calculated electron effectivemasses are small. The calculated
effectivemass of Zn3N2 is in good agreementwith the experimental effectivemass of (0.08±0.03)mo obtained
fromnon parabolic conduction bandmethod [8]. However FTIR reflectivemeasurements gave an effectivemass
of (0.29±0.05)mo [9]. Zn3N2 should exhibit high n-type conductivity, because of less electron effectivemass
while comparingwithMg3N2 and Sn3N4.Mg3N2 and Sn3N4 also have low electron effectivemass but their heavy
hole effectivemass is very large, 29.43m0 and 18.61m0 forMg3N2 and Sn3N4, respectively. This heavy hole
effectivemass leads to short hole diffusion length, which in turn decreases the efficiency of solar cells. Heavy hole
effectivemass of Zn3N2 is almost equal to restmass of the electron but, less compared to the heavy hole effective
masses ofMg3N2 and Sn3N4. Light hole effectivemass of Zn3N2 is slightly lesser than its heavy hole effectivemass
corresponding to disperse nature of bands occurring at theΓ point. As both the heavy hole and light hole have
low effectivemasses, Zn3N2 can be a potential candidate for p-type doping.Hence, Zn3N2 could be a favorable
material for solar cell applications.

3.3. Electron distribution and bonding analysis
Bonding nature between any two constituent atoms in a solid can be understood by plotting the charge density
around these atoms in real space lattice. Electron localization function plots provides the paired electron
distribution formulti electron systems in a real space. Combining charge density and ELF analysis throwsmore
light on the bonding nature. Plotted charge density and ELF forMg3N2 (figures 6(a) and (d)) show that presence
of electronic density aroundN rather thanMg, implying thatMg donates its outer electrons toN and forms
significant ionic bondwithN. This is consistent with electronegativity difference value of 1.73 betweenMg
andN.

Calculated charge density and ELF for Zn3N2 (figures 6(b) and (e)) shows that non negligible electron density
is present betweenZn andN.More electron density is seen aroundN fromELF indicates that Zn donatesmost of
its electrons toN and formsmostly ionic bondwith non negligible covalency between Zn andN, consistent with
theDOS analysis. Electronegativity difference betweenZn andN (1.39) is less than the eletronegativity difference
betweenMg andN (1.73) implies, decrease in ionic character of the bonding between Zn andN.

Charge density and ELF plots for Sn3N4 are shown infigures 6(c) and (f). Charge density between Sn andN
indicates the sharing of electrons between Sn andN. As the charge density distribution is almost homogeneous
the electron density description using LDA is better than that byGGA. Thismay be one of the reasonswhy the
band gap obtained by LDA ismore than that byGGA (table 1), Similar to the band gap values inASnO3 (A: Ba,
Ca, Cd and Sr) [46]. There are two types of Sn as described in section 3.1. ELFwith isosurface value of 0.65 shows
more electron clouds between Sn(1) andN compared to that between Sn(2) andN. This implies that Sn(1) andN
formbondswithmore covalent character. On the other hand, ELF around Sn(2) is less than that around Sn(1) as
well as aroundN. This indicates that Sn(2) could have donated its electrons toN, in addition to sharing some

Table 2.Calculated effectivemass of the nitrides using finite
differencemethod.

Compounds Electron Heavy Light

(mo) hole (mo) hole (mo)

Mg3N2 0.195(Γ-H) 29.428(Γ-H) 7.647(Γ-H)
Zn3N2 0.076(Γ-H) 1.196(Γ-H) 1.133(Γ-H)
Sn3N4 0.093(Γ-K) 18.610(Γ-K) 0.605(Γ-K)
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electronswithNneighbours. Thus Sn(2) andN could formmixed iono-covalent bond. Electronegativity
difference between Sn andN (1.08) also signals the formation of covalent bond between Sn andN.Our bonding
analysis shows increasing covalent nature of bonding fromMg to Sn.

3.4. Crystal orbital Hamiltonian population (COHP)
COHPderives the orbital pair interaction from the band structure energy or the bondweighted density of states
between a pair of adjacent atoms. COHPprovides the bonding and anti-bonding states to the band structure
energy [39]. Negative value of COHP corresponds to bonding states and positive value of COHP corresponds to
anti-bonding states. Usually the number of electrons in a particular energy range is derived by integrating the
DOS in that energy. Similarly the specific bond strength between two interacting atoms is explored from
integratedCOHP (ICOHP) values.We have plottedCOHP (figure 7) betweenMg-N(1),Mg-N(2), Zn–N(1),
Zn–N(2), Sn(1)–Nand Sn(2)–N from−8 eV to 6 eV energy range. Bonding states are distributed from−4 eV to
EF forMg3N2 and from−8 eV to EF for both Zn3N2 and Sn3N4. ICOHP values up to EF provide the bond
strength between the interacting atoms. Evaluated bond strengths alongwith corresponding bond lengths are
tabulated in table 3. Less number of bonding states are seen betweenMg-N(1) andMg-N(2) than those between

Figure 6.Charge density (a)–(c) and ELF (d)–(f) for the compoundsMg3N2, Zn3N2 and Sn3N4, respectively.

Figure 7.Crystal Orbital Hamiltonian Population plots.
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Zn–Nand Sn–Nbonding states, implyingweaker bonds betweenMg andN. Small bond strength arises because,
electrons are transferred fromMg toN rather than sharing of electrons as indicated by our charge density and
ELF analysis. In Zn3N2, Zn–N(2) hasmore bonding states than Zn–N(1) implying stronger bond formation
betweenZn andN(2). Similarly, in Sn3N4, Sn(1)–Nhasmore bonding states than Sn(2)–Nalso confirms the
stronger bond strength between Sn(1) andN. It can be seen that shorter bonds havemore strength. InMg3N2

andZn3N2 the bonding ismostly ionic in nature, there are no significantσ andπ bonding formation but, in the
case of Sn3N4 there is a possibility to formσ andπ bonds. In the bonding states the energetically as well as
spatially degenerate py orbitals of Sn andNhave the possibility to formπ bond in the energy range from−3.5 to
−3 eV and pz orbitals of Sn andN also have the possibility to formσ bond in the energy range from−2.5 to
−2 eV. In the anti-bonding states there is a possibility to formσ bond between s orbitals of Sn andN. Among all
the bonds considered, bond lengths of Zn–N(2) and Sn(1)–Nare shorter. Hence they form stronger bonds,
which is consistent with ELF analysis. Zn3N2 and Sn3N4 aremore stable thanMg3N2. Increase in bond strength
fromMg to Sn confirms the domination of covalent nature of bonding. Sn3N4 ismore covalent thanZn3N2

whose covalent bond is stronger thanMg3N2.

4. Conclusion

Wehave analyzed structural, electrical and bonding properties of group II nitrides of typeA3N2 (A=Mg, Zn
ans Sn) and group IVnitride (Sn3N4) usingfirst principles calculations. Optimized structural parameters are
consistent with the available experimental results.We suggested a new route to synthesize Sn3N4 and Sn3N2

fromour energetic study andmetallic nature of Sn3N2 also explained. Semiconductor behavior of nitrides was
exploredwith direct band gaps. ExperimentallyMg3N2 andZn3N2 are shown aswide band gap semiconductors,
but our calculations provide underestimated band gap values. Zn 3d electrons strongly affect the valence band
leading to underestimation of the band gap.However, calculationwithGGA+U improves the band gap value in
agreementwith previous theoretical work. The importance of adding a strong correlation parameter is realized
through this study. Sn3N4 has optimumband gap to convert the visible light to electrical energy, but the high
hole effectivemassmay decrease its efficiency. Zn3N2 has the lowest electron effectivemass and small hole
effectivemass among the three nitrides. So Zn3N2 can be doped as p-type as well as n-type conductingmaterial.
Increase in covalent nature of bonding fromMg to Sn is observed.High bond strength of Zn3N2 and Sn3N4

proves good stability of thesematerials. Abundance of Zn andN is very advantageous to develop Zn3N2 as a cost
effective solar cellmaterial in future.
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Table 3.Calculated bond lengths and their corresponding
bond strengths.

Compounds Bond length (Å) Bond strength (eV)

Mg-N(1) 2.145 −1.464

Mg-N(2) 2.086 −1.740

(3 types) 2.160 −1.443

2.179 −1.338

Zn–N(1) 2.132 −1.764

Zn–N(2) 1.997 −2.562

(3 types) 2.069 −2.172

2.262 −1.122

Sn(1)–N 4⊗2.105 −2.575

Sn(2)–N 6⊗2.177 −2.041
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