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a b s t r a c t

The ground state electronic structure and absorption efficiency of a-Be3X2 (X¼N, P or As) and their
alloys are investigated using density functional theory. All pristine compounds and alloys are found to
have direct band gaps at the zone center G point. The Be24PxN16-x and Be24AsxN16-x alloys (x¼ 4, 8, 12, or
16) are predicted to have suitable band gaps for solar absorber applications. The majority interband
electronic transitions in the pristine compounds and the alloys are between the valence band p-states of
N, P and As and the conduction band p-states of Be. The alloy systems show strong and wide absorption
spectra, suggesting potential solar energy conversion applications.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Much progress has been made recently in the research of binary
nitrides and phosphides of the group IIA and IIB elements (Be, Mg,
Ca, Zn and Cd). The II-V group semiconductors have a broad range
of applications in the electronic and optoelectronic devices, such as
solar cells, detectors and ultrasonic multipliers [1e3]. Particularly
the nitrides and phosphides of Be, Mg and Zn are the major focus of
interest and are being explored for the technological applications in
optoelectronics, infrared (IR) sensors, solar cells and Hall genera-
tors [1,4,5]. Recent attention in the development of wide band gap
as well as small band gap binary materials II3eV2 is due to their
potential applications in optical devices [6e9].

Materials with direct band gaps above 4 eV may be used in
optical devices in the ultra-violet (UV) region for a wide range of
electro-optical and high temperature applications [10], while ma-
terials with direct band gaps below 3 eV may be used in optical
devices in the visible and IR regions for potential applications, such
as solar cells, sensors and detectors [11]. Among them Be3N2 is also
stimulated by the demand for optical devices, such as light emitting
diode and laser diode operating in the near UV region [12].
l Engineering, The University
Additionally, the organic-inorganic perovskites were reported in
2009 for the first time as light absorbers in solar cells, with effi-
ciencies of 3.1%e3.8% [13]. In addition the alkaline earth metal Be
and Mg also forms small and direct band gap semiconductors with
group V elements, which are promising for thermoelectric appli-
cations [14e16].

Herein, we focus on beryllium (Be) nitride (N), beryllium
phosphide (P) and beryllium arsenide (As) semiconductors and
their alloys. It was reported that a-Be3X2 (X¼N, P or As) has a cubic
crystal structure with 40 atoms per unit cell [17] and b-Be3X2 has a
hexagonal structure with 10 atoms per unit cell [18]. It was found
that b-Be3X2 can be obtained by heating a-Be3X2 to 1400 �C [10].
Moreover, these compounds may also exist in a tetragonal phase
having 80 atoms per unit cell [19], or in a high pressure trigonal
phase (Y-Be3X2) [20] containing 5 atoms per unit cell. Among these
compounds, a is the stable phase under ambient condition, while b

is the high-temperature phase and Y is the high-pressure phase.
The focus of the present study is mainly on the a-Be3X2 compounds
and their alloys.

The crystal structure of a-Be3N2 and its optical band gap were
determined by Reckewega et al. [21] using X-ray powder diffraction
data for structure analysis and diffuse IR reflectance spectroscopy
for optical band gap measurements. Armanta et al. [12] calculated
the structural and electronics properties of a-Be3N2 by performing
all-electron ab-initio calculations using the Hartree-Fock (HF)
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Fig. 1. Crystal structure of a-Be3N2 (left) and a schematic of the substitution of N by P/As (right).
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approach. Eckerlin et al. [22] determined the crystal structure of b-
Be3X2 by single crystal X-ray diffraction after the transformation
from cubic to hexagonal phase at 1400 �C. The electronic structures
of the high-temperature b-phase of these compounds were studied
theoretically by Reyes-Serrato et al. [18] using all-electron HF
method. Mokhtari et al. [10] also carried out theoretical calcula-
tions on the structural and electronic properties of b-Be3N2 by
employing the pseudopotential plane wave (PP-PW) and the full
potential linearized augmented plane wave (FP-LAPW) methods.
Chang et al. [23] reported the structural, mechanical and the
anisotropic nature of b-Be3N2 under high pressures based on first-
principles calculations. Recently, the electronic structure and op-
tical properties of the b-phase of beryllium nitride were calculated
by Zarmiento-Garcia et al. [24] using WIEN2K program. The elec-
tronic and structural properties of the high-pressure Y-phase of
these compounds were explored by Paliwal et al. [20] using the
linear combination of atomic orbitals (LCAO) method; they sug-
gested that the Y-phase is highly anisotropic with respect to mo-
mentum density distribution. The crystal structure of the
tetragonal phase of Be3P2 was studied by Maslout et al. [19] based
on X-ray and neutron diffractions. The pressure-induced phase
transition from cubic to tetragonal Be3P2 was studied by Joshi et al.
[25] using the LCAO methods implemented in the Crystal code.

It is cleared from the literature that only the structural and
Table 1
Total energies of different phases of Be3X2 (X¼N, P or As) and the lattice constants of c

Compounds Space group Atoms/unit cell Energy (eV/

Be3N2 Ia3 80 �6.67
Be3N2 I41/acd 160 �6.58
Be3N2 P63/mmc 10 �6.63
Be3N2 P3m1 5 �6.45
Be3P2 Ia3 80 �4.65

Be3P2 I41/acd 160 �4.57
Be3P2 P63/mmc 10 �4.58
Be3P2 P3m1 5 �4.53

Be3As2 Ia3 80 �4.18
Be3As2 I41/acd 160 �4.10
Be3As2 P63/mmc 10 �4.11
Be3As2 P3m1 5 �4.07

a Ref. [21].
b Ref. [25].
c Ref. [12].
d Ref. [11] PBE-GGA.
e Ref. [11] Hybrid.
f Ref. [11] FP-LAPW.
electronic properties of Be3X2 have been studied. Although there is
a study of the optical properties of the b-phase of Be3P2, there is no
complete information of the optical properties of these compounds
and their alloys. This work presents the structural, electronic and
optical properties of ground-state a-Be3X2 (X¼N, P or As) under
one umbrella. Moreover, this work is extended to the enhancement
of device absorption efficiency by considering the effects of
alloying.

2. Computational details

Density functional theory (DFT), implemented in the Vienna ab
initio simulation package (VASP) [26], was used for the present
calculations. Perdew-Burke-Ernzerhof (PBE) [27] generalized
gradient approximation was used for structural optimization and
electronic structure calculation. For more accurate band gap pre-
diction, the Modified Beck and Johnson (mBJ) [28] approximation
has been applied. In this study, we focused on the cubic phase of
Be3X2 (X¼N, P or As) with space group Ia3 (#206) because it is
stable at ambient temperature. The cubic phase of Be3N2 contains
40 atoms per primitive unit cell, in which there are 16 N atoms. For
alloys, N atoms are replaced by P/As with different ratios as shown
in Fig. 1. The alloy systems were simulated using the generalized
quasirandom structures generated by minimizing the structural
ubic Be3X2 compounds.

atom) Lattice parameter (Å)

This calculation Exp. Other calculations
8.15 8.145a 8.144c

10.19 10.15b 10.18d, 10.17e,
10.19f

10.65 e e
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order with the evolutionary algorithm, as implemented in Univer-
sal Structure Predictor: Evolutionary Xtallography (USPEX) [29]. All
systems have been fully optimized before the calculations of elec-
tronic structures. A cut-off energy of 550 eV for the plane wave
basis set was applied. For self-consistent and optical property cal-
culations, a 6� 6� 6 k-point mesh was used.

We applied PBE functional for the dielectric function and
Fig. 2. Band structure and DOS of pristine Be3X2 (X¼N, P or As) with space group Ia3
(#206) calculated using the mBJ method.
absorption coefficient calculations, and the scissor operator to
achieve the projected optical absorption spectra. The absorption
coefficients of these alloys are important for the study of light ab-
sorption. Furthermore, we also carried out device performance
simulation of these alloys in which P/As were used as the substi-
tutional atoms. The advantage of this device simulation is that, the
absorption efficiency can be obtained directly and may be
compared to future experiments. We compared the total device
absorption efficiency of the parent materials and their alloys for
better understanding of the PV performance. For absorption effi-
ciency, real (ε1) and imaginary (ε2) parts of the dielectric function
are calculated using the following equations.

ε1ðuÞ¼1þ 2
p
P
ð
u0
ε2 ðu0Þ

u02 � u2
du0 (1)

ε2ðuÞ ¼
8

2pu2

X
nn

0
ð
jpnn0 ðkÞj2 dsk

Vunn0ðkÞ
(2)

The real and imaginary parts are further used to obtain the
refractive index (n) and extinction coefficient (k) by using the
equations given below.
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Finally, we are able to obtain the device absorption efficiency
using the refractive index and extinction coefficient.
3. Results and discussion

3.1. Stability of Be3X2 and its alloys

The phase stability of Be3X2 binary compounds is directly
related to their electronic and photovoltaics (PV) performances. The
formation energies of the different phases of Be3X2 compounds are
given in Table 1. It is seen that a-Be3X2 (cubic Ia3 #206) has the
lowest energy and is the most stable phase compared to the
Fig. 3. Band gap of Be3N2 with different alloying concentrations of P/As calculated
using the mBJ method. Here x shows the atomic alloying concentration.
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hexagonal P63/mmc (#194), trigonal P3m1 (#164) and tetragonal
I41/acd (#142) phases. Other phases such as P63/mmc and P3m1
may become stable at high temperature [18] and high pressure
[20], respectively. The primitive unit cell of cubic Be3X2 has a space
group of Ia3 (#206) and contains 40 atoms (24-Be and 16-N, P or
As); it adopts an anti-bixbyite crystal structure as shown in Fig. 1.
Beryllium atoms occupy the position 48e (x, y, z), while the X (N, P
or As) atoms have two different crystallographic positions X1 and
X2. Generally, X1 atoms are located at positions 8b (0.25, 0.25, 0.25)
and X2 atoms occupy the positions 24d (u, 0, 0.25). The N atoms are
replaced by P/As (denoted by red spheres) to obtain alloy systems
(Be24PxN16-x or Be24AsxN16-x) for potential optoelectronic device
applications. The lattice parameters and ground state energies of
the parent compounds are obtained after full optimizations of the
unit cells. The lattice constants of cubic Be3N2 and Be3P2 are 8.15Å
and 10.19Å, respectively, in good agreement with the experimental
Fig. 4. Band structure and DOS of different Be24 P
values [21,25].

3.2. Electronic properties

The electronic and optoelectronic properties of materials are
closely related to the band structure and density of state. In the
present study, mBJ approximation is used for more accurate pre-
diction of the electronic band gaps of Be3X2 and their alloys. The
band structures of pristine compounds are shown in Fig. 2 (left
panel). It is seen that Be3X2 (X¼N, P or As) are direct band gap
materials, where the conduction band minima and valence band
maxima lie at the same G point in the Brillion zone. The band gaps
of these semiconductors decrease as one stirs down from N to As.
Moreover, Be3N2 has a wider band gap (4.79 eV) in the ultraviolet
(UV) region, while Be3P2 (1.46 eV) and Be3As2 (1.24 eV) have
smaller band gaps in the infrared (IR) region. The variation of the
xN16-x and Be24 AsxN16-x (x¼ 4, 8, 12) alloys.
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band gap shows that these three semiconductors have potential
optical applications in the IR and UV regions of the electromagnetic
radiation. It is known that most (90%) of the sun light reaches the
earth surface is in the visible range (1.7e3.2 eV). Therefore, it is
important to harvest the visible spectra by alloying the parent
semiconductors for potential solar energy applications for this
purpose, P/As are alloyed in Be3N2 semiconductor. The electronic
properties are further studied based on density of states (DOS),
which clarifies the various electronic contributions of different
states. The DOS (total and partial) of pristine Be3X2 is depicted in
Fig. 2 (right panel). It is seen that the major electronic contribution
to the valence band near Fermi level (from�7 eV to 0 eV) originates
from the p-states of N, P or As. In the conduction band from 0 eV to
8 eV, p-states of Be is dominant withminor contributions from Be s-
states and p-states of N, P or As. Electronic transition from the p-
states of N, P or As in the VB to the p-states of Be in the CB is
possible. It is also clear from the figure that the band gap of Be3X2
(X¼N, P or As) becomes smaller as one moves down from N to As
in the periodic table.

The band gaps of Be3X2 semiconductors and their alloys with
different P/As concentrations are shown in Fig. 3. It is seen that the
band gap decreases toward the visible light region as one increases
the alloying concentration of P (black line) or As (red line). It is also
observed that the P/As alloying in Be3N2 is more effective in
changing the band gap as compared to nitrogen alloying in Be3P2 or
Be3As2. The alloys with higher P/As concentrations (x¼ 0.25, 0.50
and 0.75) have wider windows of device absorption efficiency than
those with lower P/As concentrations (x¼ 0.06, 0.12 and 0.18).

Fig. 4 (left panel) shows the band structure of the more efficient
alloys with different P/As alloying concentrations (x¼ 0.25, 0.50
and 0.75). It is also noticed that these alloys have small direct band
gaps, suggesting potential optoelectronic device applications. For
an alloying concentration x¼ 0.25, the band gaps of Be24P4N12 and
Be24As4N12 are 2.01 eV and 1.88 eV, respectively. For an alloying
concentration x¼ 0.50, the band gaps of Be24P8N8 and Be24As8N8
are 1.68 eV and 1.52 eV, respectively. For an alloying concentration
x¼ 0.75, the band gaps of Be24P12N4 and Be24As12N4 are 1.33 eV and
1.23 eV, respectively. These alloys have a higher absorptionwindow
as compared to the alloys with lower P/As concentrations (x¼ 0.06,
0.12 and 0.18).

The DOS of Be24PxN16-x and Be24AsxN16-x with different P or As
alloying concentrations (25%, 50% and 75%) are shown in Fig. 4
(right panel). It is interesting to notice that nitrogen p-state
contribution decreases in the valence band (VB) as one increases
the concentration of P or As, while the substitutional P or As p-state
Fig. 5. Imaginary part of the dielectric function (ε2) for (left) Be24 PxN
contribution increases in the VB as well as in the conduction band
(CB). In 25% alloying (Be24P4N12 or Be24As4N12), the nitrogen p-
states are dominant, while the p-states of P/As also have some
contributions to the VB. As the alloying ratio is increased to 50%
(Be24P8N8 or Be24As8N8), the host N atom contribution decreases,
while the contributions of the substitutional atoms P/As increase in
both VB and CB. In higher P or As alloying concentration of 75%
(Be24P12N4 or Be24As12N4), an abrupt decrease appears in the p-
states of N, and the substitutional P or As p-states contributions
become dominant in the VB as well as in the CB.

3.3. Optical properties and device absorption efficiencies of P/As
alloyed Be3N2

To study the optical properties of Be24PxN16-x and Be24AsxN16-x

(x¼ 4, 8, 12, or 16) alloys, we have calculated the imaginary part
of the dielectric function (ε2), which gives a direct measure of the
absorption of light spectra. It is known that almost 90% of the sun
light reaching the earth surface is below 3.0 eV [30,31]. From Fig. 5a
and Fig. 5b, it is seen that the absorption efficiency of pristine
Be24N16 is very low. Be24N16 has a very shallow absorption edge,
and the optical band gap is above 5.0 eV, which is not suitable for
solar cell applications. To improve the efficiency, we have investi-
gated the alloying effects of phosphorous (P) and arsenic (As). It is
obvious from Fig. 5a and b that as the ratio of P/As increases from
0.25 to 0.75, the absorption efficiency of the alloys starts increasing,
and the strongest and most uniform absorption is found when the
ratio of P/As is equal to 1 (100%). We can also see that the optical
band gap starts decreasing and goes to lower energies below 2.0 eV,
which is consistent with the electronic band gap values as pre-
sented above. For these alloy systems, we can also observe that the
absorption edge becomes sharpened as the P/As ratio is increased.

In the case of As alloyed Be24N16, we can see that the optical
absorption is stronger and the optical band gap goes becomes
smaller (below 2 eV) with further sharpened absorption edges as
compared to the P alloyed systems. Thus, As alloyed Be24N16 is
expected to bemore suitable for the absorption of infra-red spectral
light.

It is known that the imaginary part of the dielectric function
gives a direct response of light absorption of a material. For po-
tential solar cell applications we simulate solar devices and calcu-
late their absorption efficiencies. The device absorption efficiencies
of pristine and alloy systems are shown in Fig. 6a and Fig. 6b. It is
seen that for pristine Be24N16 the device absorption efficiency is
very low. From Fig. 6a and b, we find that as the ratio of P/As
16-x (x¼ 4, 8, 12, 16), and (right) Be24 AsxN16-x (x¼ 4, 8, 12, 16).



Fig. 6. Absorption efficiency as a function of wavelength of (left) pristine Be3N2 and Be24 PxN16-x (x¼ 4, 8, 12, 16) alloys, and (right) pristine Be3N2 and Be24 AsxN16-x (x¼ 4, 8, 12, 16)
alloys.
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increases from 0.25 to 0.75, the absorption efficiency starts
increasing. In the case of P, we find a strong and broad absorption
up to 800 nm, while in the case of As, the device absorption effi-
ciency is much stronger in a wider range of wavelength (above
900 nm). It is noted from our calculations that completely replacing
N by P or As, the efficiency moves to higher wavelengths, covering
almost the entire range of spectral light reaching the earth surface.
Hence, it is expected that these newly predicted Be24PxN16-x or
Be24AsxN16-x alloys may have high absorption efficiencies for solar
cell applications.

4. Conclusions

The structural, electronic and optical properties of Be3X2 and the
alloys (Be24PxN16-x and Be24AsxN16-x) have been investigated based
on first-principals calculations with-in DFT. Structural parameters
of Be3X2 compounds obtained in our calculations are consistent
with the experimental values. It is found that Be3N2 has a wide
band gap in the UV region, while Be3P2 and Be3As2 have smaller
band gap values in the IR region. On the other hand, the band gaps
of the Be24PxN16-x and Be24AsxN16-x (x¼ 4, 8, 12, or 16) alloys are
found to be in the range of 1.2e2.01 eV, suitable for the solar
absorber applications. For both pristine compounds and their al-
loys, PDOS calculations show that majority interband electronic
transition is between the p-states of N, P and As in the VB and the p-
states of Be in the CB. This interband transition from VB to the
unoccupied states in CB results in the major peaks in the optical
spectra of the compounds. The device absorption efficiencies of the
alloy systems show strong and wide absorption spectra, suggesting
potential applications in solar cells.
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