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Structural and Optical Properties of CdSiP, and
CdS1Asz Nonlinear Optical Materials
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Abstract—CdSiP2 and CdsiAs: are nonlinear optical materials for
near and mid-infrared applications. Density functional theory has been
applied to study the structure, band gap, and optical properties of these
materials. The pseudopotential method was used in the form of
projector augmented wave (PAW) and norm-conserving, the band
structure calculations yielded a band gap of 1.55 eV and 0.88 eV for
CdSiP2 and CdsiAsz respectively. The values of ei(w) from the
doelectric function calculations are 15 and 14.9 CdSiP2 and CdsiAs>
respectively.
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1. INTRODUCTION

dSiP, and CdSIAS; are nonlinear optical materials with

applications in the near and mid infrared region of the
electromagnetic spectral. They are ternary chalcopyrite
compounds of the form II- IV-V2 and have wide range of
applications. They have applications in lasers [1] [2],
spintronics and opto-electronic devices [3], solar cells and
photocathodes [4]. These materials have been extensively,
studied experimentally, though few works have been
theoretically.

Isomura and Masumoto [5] were among the first to grow the
CdSiP; crystals, the crystal was grown in Sn metal bath, they
reported on its transmission T and reflectivity R. Kaufmann et
al. [6] studied the antisite defects in CdSiP,, GAP, and ZnGeP,
using electron spin resonance (ESR). Mughal et al. [7] worked
on crystal growth of some ternary compounds including CdSiP,
and reported on their phase matching properties, also, crystals
of CdSiP, were grown by Schunemann et al. [8], and they
reported on its phase matching properties. Petrov et al. [9]
reported on the nonlinear coefficient dss of CdSiP», the study
was carried out using optical parametric amplifier. Sooriyagoda
et al. [10] used the Terahertz time-domain spectroscopy to
study the temperature dependence of the refraction and
absorption of CdGeP,, ZnGeP2, and CdSiP,. Using the
Stoichiometric melt method, Zawilski et al. [11] grew large
single crystals of CdSiP,, and measured their optical and
thermal properties. Hui et al. [12] grew the crystal of CdSiP, by
the modified vertical Bridgman (VB) method, and reported on
the thermal properties of CdSiP,. Wei et al. [13] studied the
temperature dependence of the refractive indices ranging from
90K to 450K. Scherrer et al. [14] used the Horizontal Gradient
Freeze (HGF) method to grow the crystal of CdSiP», and carried
out analysis by electron parametric resonance, and reported on
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the optical absorption of CdSiPs.

Komandin et al. [15] studied the Terahertz absorption in
CdSiP, by Backward wave oscillator, time-domain and infrared
spectroscopy. Ferdinandus et al. [1] measured the birefringence
of CdSiP; using the Z-scan technique at near and mid-infrared
wavelength. They reported that conversion efficiency of CdSiP,
is impacted by absorption. Bereznaga et al. [16] succeeded in
growing the crystal of CdSiP, from its constituent elements, and
analyzed it by X-diffraction and scanning electron microscopy
with energy-dispersive spectroscopy, they reported on the
optical properties. Li et al. [17] used the VB method of crystal
growth in growing the CdSiP; crystal and characterized it using
the Terahertz time-domain spectrometer and reported on its
conversion efficiency. Carnio et al. [18] reported on the
capability of CdSiP, crystals in detecting electric field
waveforms within the high terahertz and infrared spectral.

On the theoretical approach, Chiker et al. [19] investigated
the band structure and optical properties of CdSiP, using the full
potential linearized augmented plane wave (FPLAPW) method,
and reported a band gap value of 1.1 eV, while Basalaev et al.
[20] used the pseudopotential method to study the structure of
MgSiP,, ZnSiP,, and CdSiP». In their work, Xiao et al. [21]
employed the HSE06 hybrid functional to study the electronic
structure, bonding and optical properties of CdSiP,, and
reported a band gap of about 2.0 eV. Hou et al. [22], in their
DFT study, reported a band gap of 1.358 eV. Hadda et al. [23]
calculated the structural, electronic, optical and elastic
parameters of CdSiX, (X = P, As), a DFT study using GGA,
and reported a direct band gap at the gamma point, they also
reported on the optical properties of the investigated materials.
Jabbar and Reshak [24] used the full potential linearized
augmented plane wave (FP-LAPW) method for investigation of
the electronic structure and optoelectronic properties of CdSiP,
and reported a band gap of 2.10 eV. The GW method was
applied to study structure electronic, optical and vibrational
properties of CdSiP, by Yu et al. [25]. They reported a band gap
value of 2.302 eV. The electronic and optical properties of
CdSiAS; have also been reported by Kumavat et al. [26], [27].
Kimmel et al. [28] used the chemical vapor method to grow
single crystal of P-doped CdSiAS,. They reported on the
photoluminescence of the crystal. Also, Avirovic et al. [29]
used the chemical vapor transport method to grow single
crystals of CdSiAS,, and for characterization, used X-ray and
chemical analysis. The photoluminescence of CdSiAS, when
doped with sulphur was studied by Osinsky et al. [30].

127 1SN1:0000000091950263



Open Science Index, Materials and Metallurgical Engineering Vol:17, No:10, 2023 publications.waset.org/10013282.pdf

World Academy of Science, Engineering and Technology
International Journal of Materials and Metallurgical Engineering
Vol:17, No:10, 2023

II. COMPUTATIONAL DETAILS

Chalcopyrites are tetragonal structure belonging to the space
group 1-42d with number 122 in crystallographic table. They
are superlattice of the zinc-blende structure. In the structure
optimization, the Silicon (Si) atoms were assigned the 4a
atomic coordinates in the Wyckoff coordinates in the
crystallographic table, while the Cadmium (Cd) atoms were
assigned the 4b atomic coordinates. The Arsenic (As) and
Phosphorus atoms were assigned the 8d coordinates. The
structure has four formula unit in a unit cell, that is, a Z value
of four. The total number of atoms in the unit cell is 16.

The pseudopotential method as implemented in the Abinit
package [31], [32] was used in all computations. The following
calculations were carried out in this study: structure
optimization, the band structure, density of states, which
include the total and partial densities of states, and the optical
properties. The structure optimization is the energy
minimization with respect to atomic positions and the results
are the lattice parameters, the deformation parameter, and the
atomic positions; these were then used to calculate the band
structure, density of states, and the optical properties. The
minimization was done using norm-conserving
pseudopotentials. Table I shows the results of the optimization.
The LDA+U scheme also implemented in the Abinit package
was employed in the electronic band structure and density of
state computations. The PAW in conjunction with LDA+U was
used in these computations. In the ground state calculations, the
tolerance on energy was 107'°, a kinetic cutoff energy of 15 Ha
and a shifted grid of 4x4x4 yielding a k-points of 256 points
were used. For the optical properties, the norm-conserving
pseudopotential and a k-point of 500 was used.

TABLE I
OPTIMIZATION RESULT

Lattice parameter (A) Lattice parameter (Exp) A

. a=5.641 a=5.679"
CdSiP, c=10.5242 c=10431°
. 5.955 5.885°
CdSiAs, 10.911 10.881°
“33]

III. RESULTS PRESENTATION AND DISCUSSION

The electronic band structure of cadmium silicon
diphosphide (CdSiP,) and cadmium silicon diarsenide
(CdSiAsy) are shown in Figs. 1 (a) and (b), respectively. The
plot for CdSiP; is presented in Fig. 1 (a), the plot is energy (eV)
against high symmetry points in the first Brillouin zone in the I'
—Z—-M-A -T —X—Rdirection. The plot is divided into two
windows by the Fermi level, which is indicated at the zero mark
by the dashed line. These windows are the conduction band and
the valence band. The conduction band minimum (CBM) and
the valence band maximum (VBM) both coincide at the gamma
(') point of the Brillouin zone. This implies that, the band gap
is direct, and the material a semiconductor. The calculated
energy band gap for CdSiP; is 1.55 eV which agreed fairly well
with the experimental value of 2.2 eV [33] and other previous
works. For CdSiAS, shown in Fig. 1 (b). VBM and CBM also
coincide at the I' point, the material is predicted to be a
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semiconductor with an energy band gap valence of 0.88 eV,
which again is in good agreement with experimental value of
1.55 eV [33]. In Fig. 1 (a), the valence band is sub-divided into
nine subbands as seen from the M and A high symmetric line.
The valence band width is about 53 eV. The sub bands from -
47.5 eV to 53 eV are localized with very flat bands. These sub
bands are separated from the subbands in the vicinity of the
VBM by a large energy gap of 36.5 eV. Fig. 1 (a) also reveals
that the other high symmetry point are possible transition
points, this is indicated by the dispersion of the topmost valence
band. Also for Fig. 1 (b), one can see a subdivision of the
valence band into seven subbands. There is just one subband at
the bottom of the valence band which is separated from the top
valence band by an energy gap of 23.5 eV. The valence
bandwidth is about 37.5 eV.
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Fig. 1 The electronic band structure of (a) CdSiP2, (b) CdSiAs:.

The total density of states (TDOS) for CdSiP, and CdSiAS,
are presented in Figs. 2 (a) and (b), respectively. The TDOS
shows the contribution of all the orbitals included in the band
structure computations. For CdSiP, whose TDOS is shown in
Fig. 2 (a), the included orbitals are Cd-4d, Cd-5s, P-3p, P-3s,
5i-3p, and Si-3s. These states are represented by the spreads and
peaks in the plot. The Fermi level is at 0.1 Ha. Fig. 2 (a) is a
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good representation of the band structure of CdSiP,. Fig. 2 (b)
displays the TDOS of CdSiAS,, this agrees well with the band
structure of CdSiAs,, the included states in the calculation are
Cd-4d, Cd-5s, P-3p, P-3s, As-3d, As-4p and As-4s.

10000 T T T

g
=3
T
|

6000 — -

4000 — -

DOS (states/Ha/cell)

2000 =

0 . \ . L l MH ad W M,
< -1 -0.5 0
Energy (Ha)
(a)

10000 — T T T

8000 [~ &

6000 — -

4000 — -

DOS (states/Ha/cell)

2000 [~ =

-1 08 06 -04 02 0 0.2

-l‘zEnergy (Ha)

(b)
Fig. 2 The TDOS DOS for (a) CdSiPa, (b) CdSiAs:

The partial density of states (PDOS) for the CdSiP, are
presented for cadmium (Cd), Silicon (Si) and Phosphorus (P) in
Figs. 3, 4 and 5 respectively. Fig. 3 displays the orbital
contributions of Cd-4d and Cd-5s to the density of states. The
curves and peaks in red are the Cd-5s orbital while the ones on
black represent Cd-4d states. There is an overlap of the Cd-4d
and Cd-5s in the conduction band. There is some form of
hybridization involving the Cd-4d with the unoccupied Cd-5p
orbitals. The bottom of the conduction band is Cd-4d dominant
as well as the top of the valence band. This is clearly seen in
Fig. 3. Just like in the conduction band, there is equally an
overlap of bottom orbital in the valence band. The narrow peaks
at -1.68Ha, -1.7Ha, -1.82Ha and -1.92Ha are of the Cd-4d
orbitals. There are other smaller peaks at -1.0 and between -0.3
to -0.2 that also indicate overlap of both orbitals.

Fig. 4 presents the contribution of the Si atom to the TDOS.
The bottom of the conduction band is mostly Si-3s with some
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level of overlap from the Si-3p state. The valence band in the
vicinity of the Fermi level are mostly Si-3p. The higher part of
the valence band is of Si-3s state.
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Fig. 3 The PDOS for Cd-4d and Cd-5s orbitals in CdSiP2
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Fig. 4 The PDOS for Si-3s and Si-3p in CdSiP2
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Fig. 5 The PDOS for P-3s and P-3p CdSiP2

The orbital contribution from phosphorus (P) is shown in Fig.
5. The P-3p orbital makes up most of the valence and
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conduction band. The peak at -0.22 HA is of the P-3s states.
For CdSiAs;, the PDOS for the atoms Cd, Si and As are
presented in Figs. 6, 7 and 8 respectively. The orbital
contribution from Cd is presented in Fig. 6, the plot is DOS
against energy. The contributions of Cd-4d and Cd-5s orbitals
are shown. The states in the energy range 0.0 Ha to about 0.2
Ha are predominantly the Cd-5s state. There is a peak at the top
of the valence band at 0.2Ha. This peak is of Cd-4d. The peaks
from about -0.22 Ha to — 0.1 Ha are mostly of the Cd-4d states.
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Fig. 6 The PDOS for Cd-4d and Cd-5s orbitals in CdSiAsz

Fig. 7 presents the contribution of the Si-3s and Si-3p orbitals
to the TDOS. The Si-3s and Si-3p orbitals overlap in the
conduction band, with Si-3s being dominant. The Si-3p orbital
is the dominant state in the valence band. The hinder part of the
valence band is mostly of the Si-3s orbital. The peaks about -
0.05 Ha and 0.0 Ha are of Si-3s. The other peaks between -0.2
and -0.1Hai and -3.0 and -0.2Ha show an overlap of both states.
There is a sharp peak of Si-3p at about -0.22Ha.
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Fig. 7 The PDOS for Si-3s and Si-3p orbitals in CdSiAs:
Fig. 8 shows the contribution from As-3d, As-4p, and As-4s.
The conduction band is an overlap of the three Arsenic orbitals

with As-4p being the dominant. Most of the valence band is of
the As-4p states with a small portion of the As-4s state. The
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states between -3.0Ha to -0.1Ha are dominantly of the As-4s
state. The As-3d state is the narrow peak at -1.14 Ha.
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Fig. 8 The PDOS for As-3d, As-3s, and Si-3p orbitals in CdSiAs:

IV. OPTICAL PROPERTIES

The dielectric function &) describes how a material
response to photonic energy. The dielectric function is a
complex function expressed as &(W) = &(w) + i€(w) where
€1(w) is the real part and €(w) is the imaginary part. The
refractive index of a material is determined by the real part of
the materials dielectric functions while its imaginary part
determines the materials absorption coefficient. The complex
dielectric function plot against energy (frequency) for CdSiP»
is shown in Fig. 9. The real and imaginary dielectric function
plots for CdSiP; are shown in Figs. 9 (a) and (b), respectively.
The plots are made up of peaks that show electron transition
from valence to conduction band. These transition points are
called critical point in the electronic bands of the material. For
CdSiP,, Fig. 9 (a) shows some of these critical points. The onset
of the first peak indicates the energy band gap, in this case, no
scissor shift was applied. The onset of the first peak isat 1.0 eV,
the second is at 1.25 eV. There are two higher peaks at 1.5 eV
and 2.0 eV. the energy window of the crest is from 1.0 eV to
where €1(w) falls to -8, this corresponds to 4.75 eV. There is a
rapid descend of £;(w) as the energy increases. Along this
descend are peaks that can be described as humps at 3.0ev,
between 3.75 ¢V and 4.0 eV, and between 4.25 eV and 4.5 eV.
The highest peak corresponded to 24 of the dielectric function
axis. The plot shows an €;(0) value of 10. The highest peak
corresponds to an energy of 1.5 eV.

The imaginary part is presented in Fig. 9 (b). Again, here, the
onset of the first corresponds to the energy band gap. The first
two small peaks are about 1.1 eV and 1.3 eV. There are several
peaks at the crest. Along the ascents of the crest, there is a twin
shoulder at about 1.75 eV. There are peaks at the top of the crest
at 2.0 eV, 2.25 eV, 2.5 eV, 3.5 eV. The highest peak is at 4.0
eV and corresponds to an &,(w) value of 21. The whole energy
range is from 0.0 to about 8.25 eV.
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Fig. 9 The dielectric function £¥(w) of CdSiP: (a) real part €1(w), (b)
imaginary part &2(W).

From CdSiAS,, the real and imaginary dielectric function
plots are presented in Figs. 10 (a) and (b), respectively. Fig. 10
(a) shows two major high peaks at 1.5 eV and 2.0 eV. These
peaks correspond to 24 on the &, axis. The peak onset is a small
peak at 1.0 eV. There are about five little peaks as the curve
descend at increasing energy. There is a distinct peak at 3.5 eV
surrounded by three small humps.

There is a low peak at the foot of the curve at 4.75 eV. Also,
beyond 5.5 eV are some humps. The calculated value of €:(0)
as deduced from Fig. 10 (a) is about 14.9. Fig. 10 (b) shows the
onset of transition at 1.0 eV and the first peak is small and it is
at 1.25 eV. On the descent of the curve, there is a peak lying
between 1.5 eV and 1.75 eV. There are several small peaks, but
the highest peak corresponds to 25 on the £(W) axis.

V.CONCLUSION

The electronic and optical properties of CdSiP; and CdsiAs,
was computed using the DFT+U method. The calculation
showed that both materials are semiconductors with energy
band gap of 1.55 eV and 0.88 eV for CdSiP, and CdsiAs»

International Scholarly and Scientific Research & Innovation 17(10) 2023

respectively. The partial density of states showed that
conduction band of CdSiP, are mostly of the Si-3p, Si-3s and
Cd-4d states, while the top of the valence band is predominantly
of the P-3p states. For CdsiAs; the conduction band is
composed mostly of the Si-3p, As-4p, and As-4s states. The
valence band is predominantly of the As-4p states.

N T T T T T T T T
8 1
261 I
24 .
22 I
20 .
18— ]
16— ]
— - ]
3 12 E
w0 g
81~ ]
6 7
4L E
HE: =
a0 A
aF .
&t NN PR P IO SNPRNN A PO N A
0 05 I 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9

Energy (eV)

(@

T L T T B e T I B B R B e B o e R
28 7
[ o
ul J
nl -
wl 3
18 <
P i
8[6_— 7
T M B
le -
le 3
8 .
o 7
4+ |
2l 3
ol O U PO PR O VRN O PO AU AOPRNN AP B B
0 05 L L5 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9

Energy (eV)

(b)

Fig. 10 The dielectric function £(w) of CdSiAs: (a) real part €1(w),

(b) imaginary part £2(w)
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