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A B S T R A C T

Direct band gap semiconductors with high optical absorption, high electrical conductivity, high carrier mobility,
low reflectance and low recombination rate of charge carriers are needed for a variety of applications in solar
energy conversion and optoelectronics. We have identified three ternary semiconductors Ca3PN, NaBaP and
ZrOS which have direct-band gap and other promising properties for solar energy applications. The prime no-
velty of this work mainly projects a detailed information on the electronic structure and optical properties for the
three materials. From the first principles computational work and analysis, we have found that all the three
materials with optimum band gap (~1.52 eV) value are having suitable absorption coefficient, extinction
coefficient, optical conductivity and low reflectance in the visible region. Moreover, these materials are found to
have low charge carrier effective masses and low recombination rates which can enhance carrier mobility and
electrical conductivity. As a result, we will have three best non-silicon based direct band gap materials consisting
of earth-abundant and non-toxic elements in the photovoltaic (PV) industry.

1. Introduction

Semiconductor materials having direct band gap values spanning
visible and near infrared wavelengths have attracted broad interests in
optoelectronic applications. This is mainly due to their spectacular
achievements in the rate of absorption of photons that rivals the widely
used indirect band gap silicon (Neamen, 1997; Hochbaum and Yang,
2010; Regulacio and Han, 2016). Monocrystalline silicon is widely used
for photovoltaic applications which has an indirect band gap of 1.1 eV
(Yuan et al., 2018; Putnam et al., 2010; Wilson, 1990). Nevertheless,
the electronic transitions in the indirect band gap materials require the
participation of phonons to ensure momentum conservation (Fatima
et al., 2019; Zhang et al., 2001). Consequently, the efficiency of indirect
band gap materials to absorb photons is relatively lower compared to
the direct band gap materials. So, for solar cell applications, the direct
band gap materials are more advantageous than the indirect band gap
materials (Danan et al., 1987; Sun et al., 2017; Reddy et al., 2002; Xia
et al., 2018). The maximum intensity of solar light is in the energy
range from 1 eV to 4 eV (Nitz and Wilson, 1998) and the majority of the
spectral irradiance is found at the energy of 1.52 eV. So, in order to
maximize the number of photons absorbed, the energy band gap of the

material should be equal or close to the band gap value of 1.52 eV (Bag
et al., 2012; Shockley and Queisser, 1961). Therefore, we focus on
identifying direct band gap semiconducting materials with band gap
value close to 1.52 eV so that maximum solar energy can be harvested
from the solar spectrum.

A number of non-silicon based materials CdTe (Cadmium Telluride)
(Britt and Ferekides, 2012), GaAs (Gallium Arsenide) (Zhu and Liu,
2016), CIGS (Copper Indium Gallium Selenide) have a near optimum
band gap (~1.52 eV) and large absorption coefficient. In addition, less
abundance and toxicity of elements involved have environmental im-
pacts. The above-mentioned widely adopted nonconventional materials
have Cadmium, Arsenic, Tellurium, and Selenium which are highly
toxic elements and hazardous to human health and environment
(Alkorta et al., 2004). Moreover, Tellurium and Indium are very rare on
earth (Bradshaw et al., 2013). Therefore, while exploring the possibi-
lities of finding direct band gap semiconductors for photovoltaic ap-
plications, the material should satisfy availability on the one hand and
non-toxicity of the constituent elements on the other (Cao et al., 2017).

From the systematic investigation of direct band gap semi-
conductors comprising of naturally abundant, less expensive and non-
toxic elements (Jain et al., 2013), we have chosen three ternary

https://doi.org/10.1016/j.solener.2019.08.011
Received 8 May 2019; Received in revised form 13 July 2019; Accepted 5 August 2019

⁎ Corresponding author.
E-mail address: raviphy@cutn.ac.in (P. Ravindran).

Solar Energy 190 (2019) 350–360

Available online 20 August 2019
0038-092X/ © 2019 International Solar Energy Society. Published by Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0038092X
https://www.elsevier.com/locate/solener
https://doi.org/10.1016/j.solener.2019.08.011
https://doi.org/10.1016/j.solener.2019.08.011
mailto:raviphy@cutn.ac.in
https://doi.org/10.1016/j.solener.2019.08.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2019.08.011&domain=pdf


semiconductors, Ca3PN (Calcium Phosphide Nitride), NaBaP (Sodium
Barium Phosphide) and ZrOS (Zirconium Oxysulphide) to check whe-
ther they have the promising properties for bringing them to the fore-
front of solar energy research.

Ca3PN is a ternary nitride compound which belong in the family of
antiperovskites (Bilal et al., 2015a, 2015b; Krivovichev, 2008; Peng
et al., 2013). Over the last decade, because of the immense potential to
solve energy issues, the antiperovskite compounds gained much atten-
tion (Bouhemadou and Khenata, 2007; Okoye, 2006; Ovsyannikov and
Shchennikov, 2010; Sun et al., 2012). Among that, the group-2A based
ternary antiperovskite compounds have been studied experimentally
and theoretically by different researchers and different properties have
been found (Amara et al., 2013; Belaroussi et al., 2008a, 2008b; Bidai
et al., 2017, 2016; Bilal et al., 2015a, 2015b, 2015c 2014a, 2014b;
Bouhemadou et al., 2007; Bouhemadou and Khenata, 2007; Chern
et al., 1992a; Chi et al., 2002; Papaconstantopoulos, 1992; Dai and Ju,
2019; Gabler et al., 2004; Haddadi et al., 2010a, 2010b, Haddadi et al.,
2009a, 2009b, Hichour et al., 2010, 2009; Hoat, 2019; Jha and Gupta,
2010; Iyigör and Selgin, 2019; Moakafi et al., 2009; Niewa et al., 2001;
Okoye, 2006; Rahman et al.,2019; Shein and Ivanovskii, 2004; Sreedevi
et al., 2019; Vansant et al., 1998). The synthesis of this antiperovskite
compound was done by Chern et al. (1992b). They reported that this
compound has a distorted orthorhombic structure due to small size of
the P3− ion and the electrical conductivity measurements showed in-
sulating behaviour. The studies of pressure-dependent structural and
electronic properties using Generalized Gradient Approximation, (GGA)
were reported by Vansant et al. (1998). Using first-principles density
functional theory (DFT) (Kohn et al., 1996; Hohenberg and Kohn, 1973)
calculations, the effect of high pressures, up to 40 GPa, on the structural
and elastic properties of Ca3PN, was studied by Haddadi et al. (2009).
Recently, the electronic and optical properties of cubic antiperovskites
Ca3MN (M=Ge, Sn, Pb, P, As, Sb and Bi) were investigated by Iqbal
et al. (2016) by applying the full potential linearized augmented plane
wave plus local orbitals (FP-LAPW+ lo) scheme based on DFT.

Single crystals of NaBaP were obtained as a by-product in the
synthesis of Ba6[Ga2P6] (Somer et al., 1996). ZrOS exists in cubic and
tetragonal polymorphs (Jellinek et al., 1962; McCullough et al., 1948)
and the cubic phase is found to have wide indirect band gap (Hautier
et al., 2013). The cubic ZrOS is attractive as a transparent conducting
material (Sarmadian et al., 2016; Sun et al., 2015). Even though
structural properties were studied for tetragonal ZrOS in 1962, the
other characteristics of this compound remain largely unexplored. So,
we have paid special attention to the tetragonal phase of ZrOS.

The research group of Setyawan et al. (2011) has employed the
high-throughput computational approach to screen up 193,456 com-
pounds for potential new technological materials. In their article, they
have reported the GGA band gap values and effective mass values for
the compounds Ca3PN and NaBaP. The similar type computational
screening study was done by Kuhar (2018) in order to identify the
materials with potential use as light absorbers in photovoltaics or photo
electrochemical devices. They identified 74 materials. Among them, the
considered three compounds are listed with their band gap values and
effective mass values. In spite of these reported results on the three
materials, there is still a lack of information about the optical properties
for the compounds NaBaP and ZrOS, which is being addressed in the
present article. Moreover, we have done an analysis of optical spectra
with the help of orbital projected band structure. Such a study on the
three materials has not been conducted earlier, to our knowledge. To
get better insight in to their physical properties, we have performed the
complete structural optimization, electronic structure, optical proper-
ties and charge carrier effective mass calculations. The present study is
undertaken with the specific aim to bring out three non-silicon based
materials with suitable physical properties applicable as solar cell ab-
sorbers. Since they contain earth abundant and non-toxic elements, the
considered three materials will be advantageous for large-scale appli-
cations.

This article is organized as follows: The methodology and the
computational techniques used in this work are presented in Section 2.
Section 3 represents the results and discussions of the structural, elec-
tronic and optical properties. Finally the conclusions drawn are de-
scribed in Section 4.

2. Methods

2.1. Compound selection screening approach

We used Density Functional Based Database (DFTBD) containing
1513 direct band gap values materials with band gap (Eg) values be-
tween 0.5 eV and 1.5 eV for the identification of suitable materials solar
cell applications (Vajeeston). In our first screening, we disregarded the
compounds containing toxic (e.g. Cd, Se, Pb, As etc), expensive (e.g. Te,
In, Au, Ag, Pt, Cs etc), magnetic (Fe, Mn, Bi, Cu etc) and rare-earth
elements. Then we have considered ternary compounds with naturally
abundant elements. Since GGA was used for the band structure calcu-
lation in DFTBD, the compounds with band gap value in the range from
0.8 eV to 1 eV were reasonable for our selection because GGA under-
estimates the bandgap values up to 50%. Furthermore, we have con-
sidered the compounds having dispersed band extrema present in the
Materials Project (Jain et al., 2013) database. The experimental crystal
structure data of the considered three compounds were taken from the
Inorganic Crystal Structure Database (ICSD) (Bergerhoff et al., 1983)
for the present calculations.

2.2. Computational data

In this work, structural data taken from ICSD are optimized and
their energies are computed using the DFT as implemented in Vienna
Ab-initio simulation Package (VASP) (Hafner, 2009; Kresse and Hafner,
1993) within the Projector augmented Plane wave method (PAW)
(Blöchl, 1994) together with the GGA functional proposed by Perdew-
Burke-Ernzerh (PBE) (Perdew et al., 1996). For all the three com-
pounds, a high plane wave energy cut-off of 800 eV with a Г centered
grid was used for optimizations of the crystal structures to obtain the
structural parameters precisely (Patra et al., 2018). For the optimiza-
tions of the structures of Ca3PN, NaBaP and ZrOS, we used the k-point
(Pack and Monkhorst, 1977) set of 10×10×10, 8×8×10 and
10× 10×8, respectively. The optimizations are considered to be
converged when the total energy of the system is stable within
1×10−6 eV/f.u. and the force acting on each atom is diminished until
the maximum Hellmann-Feynman force (Parlinski et al., 1997) is less
than 0.01 eV/Å. For Ca, 3s-3p and 4s electrons were treated as valence
electrons. For P and N, 3s-3p and 2s-2p were included as the valence
electrons, respectively. We have used the pseudopotentials separately
for the atoms Na, Ba, Zr, O, S by using the 3s, 5s-5p-6s, 4s-4p-5s-4d, 2s-
2p and 3s-3p configurations, respectively. The underestimated GGA
band gap values were improved by using the hybrid DFT calculations.
For the hybrid functional calculations, we have used the exchange-
correlation energy functional HSE06 with a screening parameter of
0.2 Å (Henderson et al., 2011; Heyd et al., 2003; Muscat et al., 2001).

The advent of the electronic density of states (DOS) calculation led
to the widespread knowledge on the chemical bonding behavior present
in the compounds. So, the DOS was calculated using HSE06. From the
PDOS, the orbital of each element giving rise to the different electronic
states were identified. In addition, a Г centered k-point mesh of
40× 40×40, 30× 30×30 and 32×32×32 for Ca3PN, NaBaP and
ZrOS respectively, were used for the calculations of optical properties.
In order to understand the origin of optical absorption peaks in more
detail, we have done the analysis of orbital projected band structure
analysis using Tight binding Linear Muffin-tin orbital (TB-LMTO) (Krier
et al., 1994) method. For the LMTO computation, we have used the
optimized structural parameters obtained from VASP calculations as
input.
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2.3. Effective mass calculation

The effective mass calculation of charge carriers were performed by
VASPKIT (Wang, 2009), which is a post processing tool for the VASP
code. The effective mass (m*) of charge carriers was calculated by
(Suzuki et al., 1995):

=
∂

∂m
E k
k

1 1
ℏ

( )
⁎

2

2 (1)

where m⁎ depends on the second derivative of the energy of the free
electron Bloch wave with respect to the wave vector which is the de-
cisive factor for curvature of the band dispersion at the extrema. Here,
we have calculated the effective mass using finite difference method
(FDM) (Cartoixà et al., 2003) as implemented in the VASPKIT. We have
calculated the band structure with higher number of k-points in each
direction in order to get more accurate value of effective mass for both
electrons as well as holes.

3. Results and discussion

3.1. Structural properties

The total energies of Ca3PN, NaBaP, and ZrOS have been calculated
as a function of the unit cell volume. The equilibrium lattice parameters
and bulk modulus follow from a fit of the total energy as a function of
the volume to Murnaghan (1944) equation of state. The optimized
crystal structures are represented in Fig. 1. Lattice parameters, atom
positions, equilibrium volume (V0) and bulk moduli (B0) for Ca3PN,
NaBaP, and ZrOS, are given in Table 1, together with the available
experimental results.

The equilibrium lattice constants obtained for Ca3PN, NaBaP, and
ZrOS are in good agreement with the available experimental values.
Since we have done the structural optimization with the GGA, the lat-
tice parameters and bond lengths are overestimated. The lattice con-
stants a and c for NaBaP are overestimated by 0.94% and 0.59%, re-
spectively. Similarly, for ZrOS, the lattice constants are overestimated
by 1.77%, and 1.36%, respectively. As the deviations are small, we can
consider that the agreement between experiment and theory is very
good and DFT can accurately predict structural parameters for these
compounds.

The compound Ca3PN belongs to the antiperovskite type structure
with space group of Pm-3m. It has a cubic structure with one formula
unit per unit cell. From the Fig. 1(a), it is clear that the nitrogen atom is
octahedrally coordinated with six calcium atoms. The crystal structure
of NaBaP is hexagonal with a space group of P-62m and three formula
units per unit cell. Here, for the better understanding of the crystal
structure, we constructed a super cell of 2× 2×1 of NaBaP and shown
the same in Fig. 1(b). From this supercell it is visible that each barium
atom is in tetrahedral coordination with four phosphorous atoms. ZrOS
crystallizes in a tetragonal type of structure with a space group of

P4nmm and two formula units per unit cell.

3.2. Analysis of electronic structure

For a better understanding of the electronic, optical properties, and
chemical bonding of these compounds, the analysis of band structures
can be quite helpful. The electronic structure calculations are per-
formed using the Generalized Gradient Approximation (GGA) which
utilizes the gradient of the atomic charge density, thus overestimating
the bonding interactions as implemented and eventually under-
estimates the band-gap. This is an inherent deficiency of DFT calcula-
tion with GGA. In order to overcome these issues, we used hybrid of
Hartree-Fock (HF) and usual exchange-correlation functional as im-
plemented in the HSE06 functional (Henderson et al., 2011; Heyd et al.,
2003; Muscat et al., 2001). Fig. 2 corresponds to the calculated band
structures of the above three compounds using PBE and HSE06 func-
tionals and Fig. 3 depicts the calculated total density of states (TDOS)
and partial density of states (PDOS) from HSE06 functional. From the
band structure analysis, we found that the valence band maximum
(VBM) and the conduction band minimum (CBM) occur at the Г point
for all three compounds which indicate their direct band gap behaviour.

The PBE calculated values of band gap (Γ-Γ) for Ca3PN, NaBaP and
ZrOS compounds are 0.81 eV, 0.85 eV and 0.81 eV, respectively; whilst,
the HSE06 functional gives improved band gap values such as 1.63 eV,
1.52 eV and 1.64 eV, respectively for these compounds. Also, it is in-
teresting to analyse the dispersion of electronic energy bands obtained
from these two different functionals.

For all three compounds, it is highlighted that the increase of band
gap is due to an upward shift of all the bands in the CB. Table 2 shows
the individual shifts of the bottom of the CB (ΔECB= ECB

HSE06 − ECB
GGA) at

the Г point in the Brilliouin zone. However, the bands in the vicinity of
VBM do not get perturbed by the change in exchange correlation
functional in all the three compounds. In contrast, the bands in the
lower energy region of the valence band systematically shifted to lower
energy with respect to the bands obtained from PBE functional when
we use the HSE06 functional. In all the three compounds we have no-
ticed that the shift in the HSE06 derived bands is more when we move
towards the lower energy region of the valence band. The orbital pro-
jected band structure obtained from TB-LMTO-ASA method showed a
similar band dispersion characteristics as that obtained from VASP
calculations. The orbital projected band structure obtained using GGA
functional is helpful to analyze the characteristics of VB and CB. The
disadvantage of direct band gap materials is that the probability of
recombination is relatively high because of the direct transitions of
electrons from CBM to VBM. The probability of carrier recombination
will be lowered only when the photogenerated electrons and holes are
spatially well separated from each other i.e. they sit in two different
atoms. When this condition happens, then the probability of meeting
the photo-excited electron and hole will be less. The low recombination
rate is a desirable property for increasing the efficiency of solar cells.

Fig. 1. Optimized crystal structures for (a) Ca3PN, (b) NaBaP and (c) ZrOS.
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Here, from the analysis of orbital projected band structure and density
of states, we have shown that the CBM and the VBM are originating
from electronic states of two different atomic sites such that the photo-
generated electrons and holes will be spatially located in two different
atomic sites. As a consequence of this, the carriers in all these com-
pounds will have relatively low recombination rate.

Table 2 shows the band gap values for the materials considered in
comparison to previous calculated and experimental results. The ex-
perimental result (Chern et al., 1992b) of the semiconducting behaviour
of Ca3PN compound is well confirmed from our band structure results
obtained from both PBE and HSE06 calculations. It is obvious from the
Table that all our calculated values with GGA are well consistent with
the previous GGA results. But our HSE06 band gap values are slightly

different from what we can see from the previous results with other
improved-band gap methods.

Our calculated GGA band gap values for Ca3PN and NaBaP are
0.81 eV and 0.85 eV respectively, consistent with the other theoretical
values 0.81 eV and 0.83 eV reported by Setyawan et al. (2011) for the
respective compounds calculated by GGA. But in the study of Kuhar
(2018), they have reported the band gap values as 2.46 eV, 2.22 eV and
1.7 eV for Ca3PN, NaBaP and ZrOS, respectively, with GLLB-SC [Grit-
senko, van Leeuwen, van Lenthe, and Baerends, (GLLB) with the cor-
relation for solids (-SC)] correction method. These values are fairly
different from our HSE band gap values (1.63 eV, 1.52 eV and 1.64 eV).
One of the possible differences in the change in band gap values is the
difference in the exchange correlation function we used. It is obvious

Table 1
Theoretically calculated and experimentally observed (enclosed in bracket) structural parameters for Ca3PN, NaBaP and ZrOS.

Compound (Space Group) Unit Cell Parameters (Å) Atom Positions Optimized Volume per unit cell (Å3) Bulk Modulus B0 (GPa)

Ca3PN
(Pm-3m)

a= 4.730 (4.730)a Ca= 0, 0.5000, 0.5000 (0, 0.5000, 0.5000)a

P= 0.5000, 0.5000, 0.5000 (0.5000, 0.5000, 0.5000)a

N=0, 0, 0 (0, 0, 0)a

105.82 63.23

NaBaP
(P-62m)

a= 8.015 (7.940)b

c= 4.703 (4.676)b
Na= 0.2420, 0, 0 (0.2380, 0, 0)b

Ba= 0.5880, 0, 0.5000 (0.5853, 0, 0.5000)b

P1=0.3333, 0.6667, 0 (0.3333, 0.6667, 0)b

P2=0, 0, 0.5000 (0, 0, 0.5000)b

130.84 33.58

ZrOS
(P4nm)

a= 3.613 (3.550)c

c= 6.395 (6.310)c
Zr= 0, 0.5000, 0.1964 (0, 0.5000, 0.1950)c

O=0, 0, 0 (0, 0, 0)c

S=0, 0.5000, 0.6270 (0, 0.5000, 0.6330)c

83.50 160.85

a Chern et al. (1992b).
b Somer et al. (1996).
c McCullough et al. (1948).

Fig. 2. The calculated band structures for (a) Ca3PN-PBE, (b) Ca3PN-HSE06, (c) NaBaP-PBE, (d) NaBaP-HSE06 (e) ZrOS-PBE, and (f) ZrOS-HSE06. The Fermi level is
set to zero.
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that different methodology yielded different band gaps values for the
materials. Moreover, the input parameters taken for structural optimi-
zation may also contribute to the difference. In order to bench-mark our
calculations, we have calculated band gaps for Si, GaAs and ZnO using
HSE06 method and found that the experimental band-gaps are well
reproduced. Hence the same methodology is adapted to predict the
band-gap of these three compounds.

In the study by Castelli et al. (2014), it is clearly mentioned that the

band gap values obtained by GLLB-SC correction method within an
error of 0.5 eV are comparable to the other improved band gap methods
like hybrid functional (HSE06) and GW. Also, in the paper by Iqbal
et al. (2016), they have done the electronic structure with the very
accurate method TB-MBJ (Tran-Blaha Modified Becke-Johnson) and
EV-GGA (Engel-Vosko GGA) for the electronic band structure calcula-
tion. Using TB-MBJ method with fairly very high K-points
(1000Kpoints) they are getting a band gap value of 1.49 eV for Ca3PN
and by EV-GGA (10,000 Kpoints), they obtained the band gap value of
1.72 eV for the same compound. These two values are fairly favourable
to our improved band gap value for the cubic compound Ca3PN.

Since HSE06 method is giving accurate electronic structure, we
have compared and discussed the band structure calculated by HSE06
with the DOS for the three materials in the following sub-sections.

3.2.1. Ca3PN
In Ca3PN, one low lying valence band is located between −10 and

−8 eV, which mainly arises from the electrons in the 3s orbital of
phosphorous. The uppermost valence band is mainly contributed by the
electrons from phosphorous 3py and 3pz orbitals with noticeable con-
tribution from the electrons at the 2p and 3px orbitals of nitrogen and
phosphorous, respectively. The contribution of Ca s and p states to the
VB is negligible. The bottommost conduction band stems from the 3dz2
orbitals of calcium. From the band structure it can be seen that the
bands are more localized in the upper most valence band region and the
localized bands can also be recognized from the DOS of this compound.

The DOS of this compound (Fig. 3(a)) shows that below the VBM,

Fig. 3. Total and partial density of states for (a) Ca3PN, (b) NaBaP and (c) ZrOS from HSE06 functional. The Fermi level is set to Zero.

Table 2
The position of conduction band edge of Ca3PN, NaBaP and ZrOS from PBE
E( )CB

PBE and HSE06 E( )CB
HSE06 calculations and the shift in the conduction band

edge (ΔECB) by the application of hybrid functional.

Compound ECB
PBE (eV) ECB

HSE06 (eV) ΔECB

−E E( )CB
HSE

CB
PBE06 (eV)

Other reported
band gap
values (eV)

Ca3PN 0.81 1.63 0.94 Insulatora

0.81b

1.49c

2.46d

NaBaP 0.85 1.52 0.92 0.83b

2.22d

ZrOS 0.81 1.64 0.99 1.7d

a Chern et al. (1992b).
b Setyawan et al. (2011).
c Iqbal et al. (2016).
d Kuhar (2018).
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the bands are equally dominated by 2p and 3p states of nitrogen and
phosphorous. So, these two states are energetically degenerate in-
dicating a strong covalent bonding between N and P. The contribution
of 4s and 3p orbitals of Ca to the VB is negligibly small. This suggests
that the Ca atom donates most of its valence electrons to the sur-
rounding phosphorous and nitrogen atoms, forming an ionic bonding
with Ca and PN cluster. But, the conduction band mainly comprises of
the Ca-3d states and these d states are more concentrated above 2 eV
energy region. From the PDOS obtained using HSE06, it is clear that the
main bonding interaction in Ca3PN is, ionic bonding between Ca and
[PN] clusters with strong covalent bonding between N and P.

3.2.2. NaBaP
Our orbital – projected band structure results for the NaBaP show

that the lowest three valence bands located between −10 and −8 eV
are mainly originated by electrons from the 3s orbitals of phosphorous
and the top of the valence band at the Γ point is mainly of 3pz character
originating from phosphorous and the other bands in the valence band
consist of phosphorous 3px and 3py states. The three lowest energy
bands in the VB are significantly affected by the HSE06 correction and
shifted to lower energy as evident from Fig. 2b. Further, we notice that
the bottommost conduction band arises mainly from the Ba- 3dz2 states
with significant contribution from the 3s states of Na. The bands in the
higher energy range of CB mainly consist of the other 3d states of Ba.

The PDOS in Fig. 3(b) clearly shows that the P-3p states are more
pronounced close to the top of the valence band. But, the contribution
from Na is negligibly small in the valence band. The CB, mainly com-
prises of the Ba-5d and Na-3s states. From the PDOS, it is clear that the
main bonding interaction between Ba and P in NaBaP is the hy-
bridization between the P-3p and Ba-5d states and hence there is a finite
covalent bonding present in this system. The density of states analysis
show that the Na donates its valence electrons to the [BaP] cluster
forming ionic bonding between Na and [BaP] whereas Ba and P form
covalent interactions.

3.2.3. ZrOS
For ZrOS, the valence bands at the lower energy region consist of

2px and 2py states of oxygen. But the top of the valence band mainly
arises from the 3px and 3py states of sulphur. The bottom of the con-
duction band originates from the electrons at the 4dx2-y2orbitals of zir-
conium and the other bands in this conduction band mainly evolve from
the electrons in the rest of the 4d orbitals of zirconium.

From the PDOS (Fig. 3(c)), it is seen that the valence band region is
dominated by the S-3p and O-2p states. The CBM is mainly comprised of
Zr-4d. From the PDOS, it is clear that the main bonding interaction
between constituents in ZrOS is because of the hybridization among the
O-2p, S-3p and Zr-4d states and hence the bonding interaction between
the constitutes is mainly covalent in nature.

3.3. Optical properties

Studies of the optical properties of solids have been proven to be a
powerful tool for understanding the electronic and atomic structure of
semiconducting materials (Ahuja et al., 1999; Dadsetani and Pourghazi,
2006; Yang et al., 2010). We now turn to the analysis of the optical
spectra for obtaining further insight into the electronic structure of
these three compounds.

The imaginary part of the optical dielectric function, ε2 (ω), is of
fundamental importance and can be used to explain features of linear
response of the system to electromagnetic radiation.

∫∑= 〈 〉 − − −ε ω e
m ω

i M j f f δ E E ω d( ) 4Π | | (1 ) ( ) k
ij

i i f i2
2

2 2
2 3

(2)

where M is the dipole matrix, I and j are the initial and final states
respectively. The Fermi distribution function for the ith state is

represented as fi and Ei is the electron energy in the ith state. The real
part of optical dielectric function, ε1 (ω), can be derived from the
corresponding imaginary part of dielectric function, ε2 (ω), by the
Kramer-Kronig relationship (Aspnes and Studna, 1983, Blaha et al.,
2016).

All the frequency dependent linear optical properties such as re-
fractive index n(ω), extinction coefficient k(ω), absorption coefficient
α(ω), optical conductivity σ(ω), and reflectivity R(ω) can be obtained
directly from the calculated ε1 (ω) and ε2(ω) (Ahuja et al., 1999;
Dadsetani and Pourghazi, 2006; Karazhanov et al., 2007a; 2007b;
Okoye, 2003; Ravindran et al., 2007, 1999, 1997; Saha et al., 2000;
Yang et al., 2010).
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Here, we have plotted the optical spectra up to an energy range of
8 eV. For these three compounds, all the calculated optical spectra have
been rigidly shifted based on the bandgap value obtained from HSE06
functional in order to correct for the DFT underestimation of the band
gap values. For Ca3PN, from experimental electrical conductivity
measurements it is reported (Chern et al., 1992b) that this material is
an insulator. However, no experimentally measured band gap value is
given (Chern et al., 1992b). For NaBaP and ZrOS, no experimental data
of electronic band structures are available. So, for these three com-
pounds, the artificial shift technique has been applied to account for the
underestimation of bandgap by PBE in all calculated optical spectra by
taking the corresponding accurate band gap value obtained from the
hybrid functional calculation. This rigid shift is 0.83 eV, 0.67 eV and
0.82 eV for Ca3PN, NaBaP and ZrOS respectively.

Since the crystal structure of Ca3PN is cubic, its optical properties
are isotropic i.e. same along the crystallographic a, b and c axes. So, for
the analysis, only one of the dielectric tensor components,
εxx(=εyy= εzz) is sufficient for finding the other optical properties. The
imaginary part of the optical dielectric function ε2 (ω) is directly related
to the polarizability of the crystal and provides information about the
optical absorption of the materials. The condition where ε2 (ω) is zero,
then the material is said to be transparent until the absorption begins at
which ε2 (ω) will become non-zero.

The calculated imaginary part of the dielectric function of Ca3PN is
shown in Fig. 4(a). The main feature of ε2 (ω) for Ca3PN is that the peak
with higher intensity present around 6 eV. We know that the optical
spectra are originating from the inter-band transition of electrons from
VB to CB. The interband optical transition analysis show that the peak
around 6 eV corresponds mainly to the interband optical transitions
arising from the VB originating from P-3py, N-2px located in the VBM to
Ca-3dyz states in the CB at 6 eV. The main feature in ε1(ω) (see in
Fig. 4(b)), is the sharp peak at 6 eV and the steep slope between 5.5 and
6.2 eV, after which ε1(ω) becomes negative. The frequency at which the
zero crossing of ε1(ω) occurs corresponds to the location of plasma
frequency (Sun et al., 2005). Plasma frequency is the frequency above
which the materials show dielectric behaviour (ε1(ω) > 0), while
below which they show metallic property (ε1(ω) < 0) (Brewer et al.,
2005; Brewer and Franzen, 2004). The extinction coefficient, k (ω) (the
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imaginary part of the complex refractive index) (see Fig. 4(c)) show a
sharp peak around 6 eV. The transition from P(3py), N(2px) to Ca(3dyz)
may drive to the peak at this energy range.

The spectra of refractive indices n(ω) (Fig. 4(d)) of these compounds
have similar frequency dependent features like ε1(ω) spectra. The ab-
sorption spectra, α(ω) (Fig. 4(e)) has a sharp peak at 6 eV and this may
come from the inter-band optical transitions from P(3py) and N(2px) to
Ca(3dyz) states. The absorption spectra is reasonably high and in the
order of 105 cm−1. The reflectivity shows less than 25% around the
energy value of 2 eV. The imaginary part of optical conductivity spec-
trum for Ca3PN is shown in Fig. 4(g) and the line shape of σ2(ω)
spectrum is having same spectral distribution as the ε2 (ω) spectra due
to the absorptive nature of the σ2(ω) spectra.

The studies of Electron Energy Loss Spectrum (EELS) (Prytz et al.,
2006; Simsek et al., 2014), L(ω), is the representation of characteristic
energy loss (plasmon oscillations) which is important for the descrip-
tion of microscopic and macroscopic properties of solids. This function
is proportional to the probability that a fast electron moving across a
medium loses an energy E per unit length. In general, the highest peak
in the L(ω) spectrum is considered as the plasmon peak and that is at
7 eV in L(ω) spectra (Fig. 4(h)) corresponds to that energy ε1 (ω)= 0
(see in Fig. 4(b)), and this gives the plasma resonance.

Because of the hexagonal and tetragonal symmetries of NaBaP and
ZrOS compounds, respectively, the resulting diagonal component of the
dielectric spectra is a tensor and has two independent components
εxx(=εyy) and εzz.

The frequency dependent imaginary (ε2(ω)) and real part (ε1 (ω)) of
dielectric function for NaBaP are depicted in Fig. 5(a) and (b), respec-
tively. The imaginary part of the dielectric spectrum shows a maximum
peak at 4.2 eV, but the amplitude of the peak is slightly decreased and
varied when light polarised along the c-axis. This peak is due to the
inter-band transition between P-3px states to Ba- 5dxz states. The
characteristics of ε1(ω) spectra of NaBaP is that, a peak is present at
4 eV when the light is polarized along a-axis and 4.1 eV along c-axis and
after that ε1(ω) becomes negative between 5.4 and 8 eV along a-axis
and 6.7–8 eV when the light is polarised along c-axis, which indicates
the presence of plasma resonance. At higher energies, the spectra gra-
dually increase towards zero when light is polarized along a as well as c
axes. From Fig. 5(b) it is clear that the amplitude of this spectra is

higher when E||a than E||c. A relatively large optical anisotropy is
present in this system and this is evident from the noticeable difference
between these spectra along E||a and E||c. The frequency dependent
extinction coefficient, k (ω), shown in Fig. 5(c) has a broad maximum at
4 eV along E|| a, whereas this peak is slightly decreased and varied to
4.3 eV when E||c. Also, it has a small peak at 6 eV for E||a and the
amplitude of this peak is decreased when the light is polarized along c-
axis. The interband optical transitions of electrons from P-s orbitals to
Na-pz is the origin for this peak.

Within the same photon energy, where a broad peak is seen in the k
(ω) spectra, one could also see a peak in the α(ω) spectra as depicted in
Fig. 5(e). The variation of reflectance for NaBaP as a function of energy
is displayed in Fig. 5(f). Around 2 eV, the reflectivity is lower than 25%.
The spectra of imaginary part of optical conductivity, σ2(ω) for NaBaP
are shown in Fig. 5(g). The absorptive part in the conductivity spectrum
increases and reaches a maximum value at 6 eV when E||a and at 6.2 eV
when E||c for NaBaP. The spectra of the absorptive part of the optical
conductivity of this compound also have similar frequency dependent
features like ε2(ω) spectra. In the EELS spectra depicted in Fig. 5(h)
represents maximum peaks at 7 eV, and which is the plasma frequency
above which the materials showing dielectric property and below
which it has metallic nature.

Fig. 6(a)–(h) shows the calculated optical spectra for ZrOS. Here,
the ε2(ω) spectra show highest peaks at 6.5 and 6 eV along E||a and E||c
axes, respectively. These peaks are due to the inter-band optical tran-
sitions of electrons from 2px and 2py orbitals of oxygen to the un-
occupied electronic states originating from Zr-4dz2 orbital. It is to be
noted that the peaks in optical spectra do not correspond to a single
inter-band transition; since, many occupied and unoccupied bands may
involve in the optical transitions within an energy corresponding to a
particular peak. The frequency dependence, ε1(ω), is also plotted in
Fig. 6 (b) for ZrOS. For this compound also, ε1(ω) spectra and n(ω)
spectra show same features in the photon energy range considered in
the present study. In ZrOS ε1(ω) spectra shows a maximum peak at 5 eV
along E||a, but this peak is present slightly different energy position in
the ε1(ω) spectra corresponding to E||c. In addition, the amplitude of
this spectrum having higher value along E||c-axis than that along a-
axis. The calculated absorption coefficient with respect to the photon
energy for the ZrOS compound is depicted in Fig. 6(e).

Fig. 4. The calculated optical spectra for Ca3PN (a) and (b) dielectric para-
meters, (c) extinction coefficient k(ω), (d) refractive index n(ω), (e) absorption
coefficient α(ω), (f) reflectivity R(ω), (g) Imaginary part of optical Conductivity
σ2(ω) and (h) EELS L(ω).

Fig. 5. The calculated optical spectra for NaBaP (a) and (b) dielectric para-
meters, (c) extinction coefficient k(ω), (d) refractive index n(ω), (e) absorption
coefficient α(ω), (f) reflectivity R(ω), g) Imaginary part of optical Conductivity
σ2(ω) and (h) EELS L(ω).
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Also, for ZrOS, the absorption spectra α(ω) (Fig. 6(e)) clearly show
an exact resemblance with their corresponding k(ω) spectra (Fig. 6(c))
with peak positions also. The origin of peak at 5 eV in the α(ω) are due
to the optical inter-band transition of electrons from O (2px) and (2py)
orbitals to Zr (4dz2) states. The variation of reflectance for ZrOS as a
function of energy is displayed in Fig. 6(f). In the low-energy range,
around 2 eV, the reflectance curves are having smaller than 25% re-
flectivity only. The imaginary part of optical conductivity spectra,
σ2(ω), for ZrOS is shown in Fig. 6(g). The peak in the optical con-
ductivity spectra occurs at 6.5 and 6 eV for E||a and E||c, respectively
for ZrOS. The spectra of the absorptive part of conductivity (σ2 (ω)) of
this compound also show similar frequency dependent features like the
corresponding ε2(ω) spectra. The peak in the L(ω) spectra (Fig. 6(h)) is
present at 7 eV for E||a, but it is shifted to the lower energy to a value of
6.5 eV for E||c and corresponding energy values we could see zero value
in the ε1 (ω) spectra. It may be noted that the plasma resonance will
occur in the energy values where we found peak in the L(ω) spectra.

The similarities in the optical properties of the three compounds
considered for the present study are listed below.

1. The refractive indices of these compounds have similar frequency
dependent features like ε1(ω) spectra but peaks occur at different
energies for different compounds.

2. The absorption spectra clearly show an exact resemblance with their
corresponding k(ω) spectra with peak positions also.

3. The spectra of the absorptive part of conductivity of these com-
pounds have similar frequency dependent features like the corre-
sponding ε2(ω) spectra.

4. The extinction coefficient and optical conductivity show peak with
relatively high value in the visible energy region.

5. The absorption spectrum show large (about 105 cm−1) value in the
visible energy region for all the three compounds.

6. The reflectivity show a lower than 25% in the lower energy range
around 2 eV and which indicates that these three compounds are
transparent for photons with energy less than 2 eV.

So, along the optimum bandgap value with direct bandgap nature,
the higher absorption coefficients, higher extinction coefficients, higher
optical conductivity, and small reflectance in the visible energy region

ensure the application of these semiconductors as ideal materials for
high efficiency solar cells.

3.4. Effective mass of charge carriers

The effective mass of charge carriers is one of the important para-
meters of a semiconductor which determine the carrier transport
properties (Liu et al., 2012). The transport of charge carrier in semi-
conductors is directly related to the electronic band structure (Larson
et al., 2000; Vidal et al., 2012; Wang et al., 2015). Most importantly,
the hole and electron effective masses are inversely proportional to the
curvature of the relevant bands in the electronic band structure. In this
section, we concentrate on the results of our calculations of hole and
electron effective masses at the valence-band maxima and the con-
duction band minima for the three semiconductors considered in the
present study. The procedure adopted to calculate effective mass (m*)
from band structure calculation is discussed in the computational sec-
tion. In order to make test calculations for estimating effective masses
for carrier we have used VASPKIT for some of the well-known semi-
conductors for which the experimental as well as theoretically calcu-
lated effective mass values are available in the literature (Araujo et al.,
2013; Kim et al., 2010). The reliability of this method is quite good and
well-grounded.

The results of the hole and electron effective masses along different
crystallographic directions for the Ca3PN, NaBaP and ZrOS are sum-
marized and tabulated in Table 3. Other reported effective mass values
for the concerned compounds are also added in Table 3. To the best of
our knowledge, there are no experimental effective mass values re-
ported for these three compounds. From Table 3, we can compare our
results with the previous reported values. We cannot say that our results
completely disagree with the available previous results. For the com-
pound Ca3PN, our values are showing good agreement with the effec-
tive mass values reported by Setyawan et al. (2011) and Kuhar, 2018).
But for the phosphide compound NaBaP, the effective mass values along
Γ→A are in good agreement with the results from Kuhar (2018) but
fairly different with the results from Setyawan et al. (2011). As men-
tioned above that different methodology yielded different band gap
values for the materials and that will also cause for the change in the
carrier charge effective masses. In the effective mass calculation using
VASPKIT, we have calculated the effective mass of charge carriers along
different crystallographic directions that obviously will be different
from values obtained from parabolic fitting method. For Ca3PN, we
have found and reported the charge carrier effective masses along Γ→X
and Γ→R directions calculated using VASPKIT. Here we are generating
the k-points vs energy along these two directions, then using finite

Fig. 6. The calculated optical spectra for ZrOS (a) and (b) dielectric parameters,
(c) extinction coefficient k(ω), (d) refractive index n(ω), (e) absorption coeffi-
cient α(ω), (f) reflectivity R(ω), (g) Imaginary part of optical Conductivity
σ2(ω) and (h) EELS L(ω).

Table 3
Calculated carrier effective masses at the band edges for Ca3PN, NaBaP and
ZrOS in different crystallographic directions (in units of the free electron mass.).

m*h (me) m*e (me)

Ca3PN
Γ→X 0.460 0.419
Γ→R 0.399 0.291
Other reported values 0.38a

0.21b
0.42a

0.29b

NaBaP
Γ→A 0.135 0.227
Γ→K 2.776 0.405
Other reported values 0.76a

0.21b
0.34a

0.25b

ZrOS
Γ→X 0.489 0.352
Γ→Z 1.197 0.898
Other reported values 0.336b 0.347b

a Setyawan et al. (2011).
b Kuhar (2018).
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difference method (FDM), we can attain the effective mass of charge
carriers along these two directions. But in the parabolic fitting method,
we have to consider the valence and conduction bands in the complete
parabola, i.e. X→Γ→R. By taking the second derivative of the corre-
sponding parabola, we can get the charge carrier effective mass values.
And similarly, for the sulphide compound ZrOS, the charge carrier ef-
fective mass values are showing similar agreement with the effective
mass values reported by Kuhar (2018).

For any material, low effective mass of the charge carriers implies
high mobility of the carriers and consequently high conductivity. It is
also reported that for any material to have excellent mobility of charge
carriers, the effective masses should be less than 0.5m0 at least in one of
the crystallographic directions (Ashwin Kishore and Ravindran, 2017;
Bahers et al., 2014).

As we know, that effective masses of the charge carriers will be
lower in the most dispersed bands since the effective mass is inversely
proportional to the curvature of the corresponding bands in the band
structure. This concept is well satisfied with the carrier effective mass
values (in Table 3) at the band edges for Ca3PN, NaBaP and ZrOS in
different crystallographic directions. From the analysis of band extrema
of Ca3PN, it is clear that the bands along the Γ→X looks flatter than that
along the Γ→R direction both at the VB and CB edges. Hence, the ef-
fective masses of charge carriers along the Γ→X direction are higher
than that along the Γ→R direction. Interestingly, along these two
crystallographic directions, the effective masses of the charge carriers
are less than 0.5m0 which reflects their high mobility. Considering the
effective mass values of NaBaP, we can see that along Γ→A, the electron
effective mass is higher than the hole effective mass. From the band
structure of NaBaP, it is evident that the valence band along Γ→A looks
more dispersed that its corresponding conduction band, so that the
change in effective masses occurred. And as a whole, one can observe
from Fig. 2(d) that the curvature of the bands in the CBM and VBM
along the Γ→A direction are more dispersed than those along Γ→K di-
rection. In the case of ZrOS (Fig. 2(f)), the bands in the CBM and VBM
along Γ→X direction is more dispersed than those along the Γ→Z di-
rection. It is to be noted from Table 3 that for both NaBaP and ZrOS, the
effective masses are lower along the Γ→A and the Γ→X directions, re-
spectively. So, the carrier mobility of the charge carriers is expected to
be higher along these dispersed directions. For these two compounds,
the electron and hole effective masses are less than 0.5m0 along the
directions where well dispersed bands are present. This implies that the
mobility of the charge carriers will be high along these directions.

We have already discussed the recombination rate between electron
and hole pairs in the ‘Analysis of Electronic Structure’ given in Section
3.2. With the carrier effective mass values also, we can get the in-
formation on the recombination rate pf electron-hole pairs. The relation
between the recombination rate and the charge carrier effective mass as
follows.

=
m
m

D e

h

⁎

⁎ (9)

The high D value indicates that the electron and hole pairs are far
apart from each other. Then the probability of meeting or recombine
between electrons and holes will be lower (Ashwin Kishore and
Ravindran, 2017). For our materials we are able to get the D value in
the range of 0.7–1.7 except for NaBaP along Γ→K direction. So this is
also one of the properties that influence the carrier mobility. The ma-
terials in which rate of recombination is less can exhibit high mobile
charge carriers.

From the determination and analysis of the charge carrier effective
masses in all considered three compounds, it is undoubtedly visible that
the mobility of carriers will be higher and thus will have higher elec-
trical conductivity.

4. Conclusion

In conclusion, we have presented a detailed investigation on the
electronic structure, chemical bonding behavior, optical properties and
carrier effective masses of three ternary direct band gap semi-
conductors: Ca3PN, NaBaP and ZrOS using the first principles method.
From the structural optimization calculations, we have found that the
equilibrium lattice constants and positional parameters of all three
semiconductors are in good agreement with the corresponding avail-
able experimental data. The electronic structure for the materials are
performed using the most accurate method hybrid functional (HSE06)
in addition to the usual GGA calculations. It was observed that, the
three compounds are direct band gap semiconductors with optimum
band gap values (~1.52 eV). From the analysis of orbital-projected
band structure and density of states, it can be seen that the inter-band
transitions are taking place between two different constituents in these
ternary compounds and hence the recombination rate of the carriers
would be lower. The presence of covalent hybridization in all the
considered three compounds bring well dispersed bands which is re-
sulting in low carrier effective mass and high mobility. The calculation
of optical properties provides the information that the considered ma-
terials are showing higher absorption coefficients, higher extinction
coefficients, higher optical conductivity and low reflectance in the
visible energy region. Different inter-band transitions correspond to the
peak intensities in the optical spectra which are explained with the help
of orbital projected band structure. Effective mass calculations show the
electron and hole effective masses are less than 0.5m0 along the di-
rections where well dispersed bands are present and hence high carrier
mobility along these directions are expected. So, these three compounds
conform to the standards expected of high efficiency solar cells. Since
they contain earth-abundant and non-toxic elements, the three mate-
rials can also be advantageous for large scale applications. The ex-
perimental research on the three considered compounds can be done for
its practical applications since the experimental studies on similar
compounds are available. As a result, we will have three best non-si-
licon based materials consisting earth-abundant and non-toxic elements
in the photovoltaic (PV) industry.
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