Journal of Alloys and Compounds 788 (2019) 1021—-1028

Contents lists available at ScienceDirect

JOURNAL OF

ALLOYS AND
COMPOUNDS

Journal of Alloys and Compounds

L
materalstoday

journal homepage: http://www.elsevier.com/locate/jalcom

Hierarchy in nonlinear optical responses induced by metal cation N
tailoring effect in the In-containing chalcogenide compounds e

Shichao Cheng ¢ Xueyan Zhang ¢, Ming-Hsien Lee °, Jun Zhang "

@ School of Physics Science and Technology, Xinjiang University, Urumgqi, Xinjiang, 830046, China
b Department of Physics, Tamkang University, New Taipei, 25137, Taiwan

ARTICLE INFO ABSTRACT

Article history:

Received 24 December 2018
Received in revised form

22 February 2019

Accepted 23 February 2019
Available online 25 February 2019

Factors controlling the nonlinear optical (NLO) responses of infrared materials remain unclear due to the
complex systems spanning the whole main group elements and also transition elements. The micro-
scopic mechanism of cation-affected optical properties is consequently necessary to the mid-infrared
region. In this research work, the covalence, electronic structure and mechanism of nonlinear optical
(NLO) responded for a typical IR system, In-containing chalcogenides with the formula MInS, (M = Ag,
Li), are systemically investigated. It reveals that the orbitals hybridization, size effect and the cation
electronegativity induce the changes of band gaps. Via tailoring the A-site cations, the microscopic
factors affecting the optical band gap are analyzed. In addition to the effect of anionic groups on optical
properties, we have found that the contributions of the A-site cations are not negligible. Furthermore, the
electronic structures of sulfur in the compounds are susceptible to the type of cations, and consequently
affect the NLO properties.
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1. Introduction

Noncentrosymmetric materials are a fertile topic of research
owing to the important physical properties that may be observed in
many fields: pyroelectricity, ferroelectricity, piezoelectricity, or
second harmonic generation (SHG) [1—6]. The second-order
nonlinear optical (NLO) materials play an important role in laser
science and technology [7—9]. Nowadays, numerous NLO crystals,
such as KH,PO4 (KDP) [10], KTiOPO4 (KTP) [11], 8-Ba;BO4 (BBO)
[12], LiB3O5 (LBO) [13] and KBe,BOsF;, (KBBF) [14,15], are used in
the visible and ultraviolet (UV)/deep ultraviolet (DUV) regions
[16—22]. As for the middle and far infrared (IR) region [23,24], NLO
crystals such as AgGaQ, (Q=S, Se) [25,26], LIMQy (M =In, Ga;
Q=S, Se) [27—29] and ZnGeP, (ZGP) [30] are commercially avail-
able. However, their application ranges are seriously hindered by
inherent performance defects, such as low laser damage thresholds
(LDTs) for AgGaS;, harmful two photon absorption (TPA) at 1 pm for
ZGP, and non-phase matching behavior (small birefringence) for
AgGaSe,. Therefore, the search for IR crystals [31,32] with good
performance remains to be topics due to the crucial prerequisites of
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wide transparency, high laser damage thresholds and simple
crystal growth [33]. And how to quantitatively and intuitively
analyze the intrinsic relationship between NLO crystal performance
and crystal structure characteristics [34] is still an open problem in
the field of nonlinear optics.

Nowadays, the indium sulfide compounds have been widely
used in the field of photoelectric material [35—37]. On the basic of
investigation in the inorganic crystal structure database (ICSD), the
compounds of MInS; (M = Li, Ag) [38,39] were found which belong
to asymmetric space groups. As a I-1lI-VI ternary metal compound,
AglInS, is widely used in the fields of photovoltaic cells, photo-
catalysis, optoelectronics and nonlinear optics due to its excellent
optical properties. In recent years, the research of AgInS, quantum
dots is a hot field [40—43]. In general, AgInS; crystals have two
different polymorphs: tetragonal (chalcopyrite structure) and
orthorhombic (wurtzite phase) [44]. The latter has shown more
excellent photoelectrical and optical properties than that of chal-
copyrite, and it has attracted much concentration. The simulated
calculations of pure orthorhombic wurtzite AgInS; indicate that it is
a direct bandgap semiconductor with a proper range of light ab-
sorption. Through investigation, the Li-containing compounds are
mostly used in the battery field [45—47]. LilnS; is a new nonlinear
chalcogenide biaxial material transparent from 0.4 to 12 um that
has been successfully grown in large sizes with good optical
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qualities [48—51].

For these two compounds, they have the same [InS4] groups, but
their optical properties are significantly different. It is well known
from the anionic group theory that the main contributions to the
optical properties of the crystals are derived from the anionic
groups [52]. Therefore, it is important to research the mechanism
that the anionic groups are the same and while the properties are
quite very different. In this work, the first principles method is
adopted to study the electronic structures and optical properties of
AgInS, and LilnS;. The purpose of this work is to carry out a theo-
retical study of MInS, system with different cations and offer a
proposal for the experiment researchers.

2. Computational details

The electronic structures and the optical properties of MInS;
(M =Li and Ag) were calculated by using the density functional
theory (DFT) [53] method implemented in the CASTEP package
[54]. During the calculation, geometry optimization was performed
using the BFGS minimization technique. The converged criterions
for the geometry optimization include that the residual forces on
the atoms, the displacements of atoms and the energy changes are
less than 0.01eV/A, 5x 1074, 5.0 x 10~%ev/atom, respectively.
After a series of successful tests, finally the generalized gradient-
approximation (GGA) with Perdew-Burke Ernzerhof (PBE) func-
tional was selected as the exchange-correlation potential [55].
Under the norm-conserving pseudopotential (NCP) [56], the
following orbital electrons were treated as valence electrons: Li 2s,
Ag 4d'%5s, In 4d'%5s525p’, S 35>3p*. The plane-wave energy cutoff of
850 eV for the electrons was chosen rationally, at the same time, a
2 x 2 x 2 grid of Monkhorst-Pack mesh was used for k-point sam-
pling. The other calculation parameters and convergent criteria
were set by the default values of the CASTEP code.

The so-called length-gauge formalism derived by Aversa and
Sipe [57] was adopted. At a zero frequency, the static second-order
nonlinear susceptibilities can be ascribed to Virtual-Hole (VH) and
Virtual-Electron (VE) [58,59]:

2 2
X5, = x5, (VE) + x5, (VH)

The formulas for calculating the contributions from VE and VH
are as follows:
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Here, «, §, v are Cartesian components; and v/v', ¢/c' denote
valence bands (VBs) and conduction bands (CBs); And P(aBY), wjj
and P refer to full permutation, the band energy difference and
momentum matrix elements, respectively.

3. Result and discussion
3.1. Crystal structure and electronic structure

LilnS, (LIS) and AgInS; (AIS) which contain similar [InS4] poly-
hedra are isostructural crystals and belong to the same space group
Pna2q (No. 33) of the orthonormal system. The crystal structures of
MInS; (M = Li and Ag) are shown in Fig. 1. When observed from the
direction of the b-axis, the double [LiS4] and [InS4] tetrahedrons are
alternately arranged in the c direction. In the b-c plane, the [LiS4]
and [InS4] tetrahedrons form two layers — layer A and B which are
alternately arranged. The structure of LIS is formed by [LiS4] and
[InS4] tetrahedrons, and the S*~ ions are arranged in hexagonal
packing with tetragonal and octahedral cavities (tetra and octahe-
dron) [60]. The wurtzite structure of LIS and AIS is less dense than
the chalcopyrite structure of AgGaS, due to the presence of empty
cavities in the unit cell volume. Only half of the tetrahedra are
occupied by lithium and indium ion while all octahedrons are
empty. The unit cell parameters are roughly a=6.8A, b=6.9A,
c=81AforLIS,and a=6.9A,b=82A, c=6.7 A for AIS. The exact
lattice parameters depend on the coloration, growth and annealing
conditions and the exact stoichiometry, but the crystal structures of
LIS and AIS are the same.

3.2. Electronic band structure

The band structures for title compounds are shown in Figs. 4 and
5. It is found that compounds LIS and AIS have direct energy band
gap of 2.78 eV and 1.05 eV, respectively. While the optical experi-
mental gaps for LIS and AIS are about 3.57 eV and 1.98 eV as re-
ported [44,61]. The computational values are smaller than
experimental gaps, and the small difference between the calculated
and the experimental ones is because of the discontinuity of ex-
change correlation energy [62].

As shown in Fig. 2, the contributions at the top of valence bands
(VBs) for the AIS are from the S 3p and Ag 4d states. The conduction
bands (CBs) are similar for the isostructural compounds LIS (I) and
AIS (II), which mainly come from In 5s, 5p and Li 2s states (for I) or
Ag 4p states (for II), respectively. As for compound II, the VB near
the Fermi can be divided into three regions: from —6 to —5 eV, the S
3p states overlap completely with the In 5s orbitals, showing strong
In—S covalent interactions. The region from -4 to —2eV is
composed of Ag 4d and S 3p states, which make some contributions
to the Ag—S bonds. Near the top of the VB (from —2 eV to Fermi),
there is some obvious hybridization between Ag 4d and S 3p or-
bitals, revealing a few of chemical bonds between Ag—S. The bot-
tom of CBs (1.5—8.0eV) is dominated by the orbitals of In and S
atoms. Accordingly, the [InS4] units determine the energy band gap
of compound II. For compounds I, In s and p states also contribute in
the conduction band and very small difference between the Li 2s
states make a few contributions in conduction bands for compound
IL. The atomic orbitals of these two crystals are shown in Fig. 3. The
conduction band minimum (CBM) and valence band maximum
(VBM) of AIS and LIS are mainly occupied by In and S atoms of the
microscopic unit. Clearly, the band gap of AIS is determined by the
interaction between In and S, but the Ag-S interaction plays a non-
neglected role in the bandgap. Through the simulation calculation,
we find that the band gap of the two compounds is different in the
electronic track of the conduction band bottom. As show in Fig. S1,
it can be clearly seen that at the bottom of the CBs of the compound
AIS, the main contributions are from the In 5s orbital. But the
compound LIS plays a major role in the bottom of the conduction
band by the Li 2s orbital. Therefore, the role of Ag ions in the [InS4]
framework is that the conduction band portion is lowered to reduce
the band gap [63].
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Fig. 1. Crystal structures of LilnS; and AgInS,.
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Fig. 2. Calculate partial densities of states of the LIS (a) and AIS (b).

The lithium is replaced by the larger electronegativity silver
cations showing an increase in the DFT-calculated band gaps, which
is consistent with the trend in optical gap observed by the exper-
imental value. This hypothesis is supported by DFT calculations of
the LIS and AIS lattice, as well as variations of the structure in which
Li (Ag) cations are removed ([ |InS3), and Li (Ag) cations are replaced
by Ag (Li) cations as shown in Figs. 4 and 5. In these calculations, we
charge balance the loss of the cations by the addition of the cor-
responding number of electrons. In all three cases, the valence band
is effectively pinned to the nonbonding S 3p states. Lithium is
electropositive and thus it will not affect the positions dispersions
of the valence and conduction band, illustrated by comparison of
the band structures for (LiInS;) and ([ ]InSy). In contrast, removal of

the Ag cations destabilizes the CBM due to the hybridization of the
Ag 4d and S 3p states to form a manifold of antibonding states.
However, the In—S interactions remain relatively unchanged across
the AgInS; series due to the covalence of the [InS4] tetrahedron
units, and thus, the band gaps of the series are dictated the metal
cations with different hybridizations in the valence band [64—66].

3.3. Enhancement mechanism of linear and nonlinear optical
properties

The birefringence An and the contributions of atoms or groups
to birefringence for LIS and AIS are listed in Table S3 and Fig. 6,
together with the available experimental data for comparison [67].
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Fig. 3. Atomic orbitals of LIS (a, CBM; b, VBM) and AIS (c, CBM; d, VBM).
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Fig. 4. Band structures of LilnS, and the structure of [ ]InS, in which the Li cations are removed, and [Ag]InS; in which the Li cations are replaced by Ag cations.

Here the birefringence of 0.013 and 0.061 @1064 nm for LIS and AIS
was calculated by GGA + NCP which was also used to analyze the
relationship between optical properties and crystal structure. In
general, tetrahedral units are unfavorable to birefringence, how-
ever, the arrangement of [InS4] in AgInS; is obviously distorted by
the action of Ag [68,69]. Therefore, distorted [InS4] groups are

beneficial to optical anisotropy, which may one reason for the
relatively large birefringence of AIS as compared to that of LIS. To
further explore the source of birefringence, we calculate the
response electron distribution anisotropy (REDA) index proposed
by Yang et al. [70]. The response electron distribution anisotropy
(REDA) approximation was proposed to analyze the relationship
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Fig. 5. Band structures of AgInS, and the structure of [ ]InS; in which the Ag cations are removed, and [Li]InS; in which the Ag cations are replaced by Li cations.
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Fig. 6. Calculated birefringence of LIS (a) and AIS (b).

between optical anisotropy and distribution of bonding electrons in
compounds. The result shows that the REDA index of In-S groups is
2.034, which has a larger value than Ag-S groups (1.047) in AIS.
According to the results, the [InS4] groups have more comparative
contributions to birefringence than that of Ag-S groups in AIS.
However, there are small contributions observed from [InS4]
groups in LIS. In consideration of the atomic volumes of A-site
cations in these two compounds, they are quite different. Therefore,
the volume action of Ag ions leads to an increase in the degree of
[InS4] polyhedral distortion, resulting in large optical anisotropy
and then enhance the birefringence of AIS [71].

As of these two compounds belong to the asymmetric space
groups, which is the most fundamental precondition of exhibiting
SHG responses [72—74]. Through the first-principles methods, the
calculated SHG coefficients of compounds [ and II are listed as
Table S2. To demonstrate the contributions of each atom in the SHG
processes in real space, we also used SHG-density method. It should
be noticed that the two virtual transition processes, namely virtual

electron (VE) and virtual hole (VH) processes, contribute SHG
process. From the band-resolved result [75] within the energy band
framework which corresponds to individual electronic states of
SHG coefficients, the contributions of the VE processes and VH
processes are 62.80% and 37.20% to maximal SHG tensor for AIS,
75.84% and 24.16% for LIS. Therefore, VE processes are extremely
predominant. SHG densities of VE processes are analyzed. Fig. 7
shows density of the SHG effect of occupied and unoccupied
states of AIS and LIS.

The SHG coefficient of two compounds were also obtained
based on DFT calculations [76]. There are three nonzero compo-
nents of the second-order polarizability tensor, namely d3; =ds,
d3y = dz4 and ds3 due to the symmetry of two compounds [77]. The
non-vanishing independent SHG tensor di5 = 4.43 pm/V, dy4 = 4.57
pm/V and ds3 =10.07 pm/V for AIS was calculated. The calculated
SHG results are comparable to those of typical Cd-containing
compounds [78]. As mentioned by Yang et al. [79], for the quality
factors Q in IR NLO systems, SHG should larger than 10 KDP
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Fig. 7. SHG-density of LIS (a, occupied states; b, unoccupied states) and AlS (c, occupied states; d, unoccupied states).

(d3g=0.39 pm/V). Therefore, the title compounds satisfied this
condition that have excellent genes that produce strong SHG
response [80—82]. In addition, the SHG-density technique is
applied to analyze the contributions of NLO-active units for the SHG
effect [83]. Fig. 7 shows the SHG density of the virtual-electron (VE)
transition process. It clearly shows that the Ag atoms play an
important role in the occupied states. Besides, S atoms also make
some contributions to SHG in the occupied states. Obviously, the Ag
and S atoms make major contributions to the unoccupied states
[84], the sp hybridization between S atoms and Ag atoms also
contributes to SHG effect [85]. As for LIS compound, the S atoms
play an important role in the occupied states. The occupied and
unoccupied SHG density indicates that not only the [InS4] groups
have contributions to SHG effect, but also the contributions of
lithium are appreciable and not negligible.

4. Conclusions

In this work, to distinguish the gap-determination factor and
NLO active factor, two compounds LilnS; (LIS) and AgInS; (AIS) are
studied using the Density Functional Theory. Via tailoring the A-site
cations, it is found that the profound d-orbitals of the silver atom
locate at the top of the VB, but the contributions of the lithium
orbitals to the band-gap edge are very small. At the bottom of CB,
the lithium orbitals contributions bring decisive role. Obviously, the
silver d-orbitals in the Ag-containing crystals elevate the energy
position of the VB relative to the CB, which make the band gaps
narrower in these crystals. Through the simulation calculation, we
find that effected of the cations on the anionic framework affects
the optical properties of the material. It guides that the design and

synthesis of compounds with excellent performance.
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