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The chalcopyrite structure is a rich source for the exploration of new IR materials. However, not all of the
compounds with a chalcopyrite-type structure exhibit satisfactory optical properties, which may originate
from their different microstructure features. In this work, we selected four classical chalcopyrite materials,
A'GaS, (A' = Ag, Cu) with normal structures and A"Ga,S,4 (A" = Zn, Hg) with defect structures, to study their
electronic structures, optical properties including the contribution of ions and ion groups to their band gaps,
SHG responses and birefringences by the first-principles method. The results uncover that the different
band gaps are mainly caused by the d orbitals of A* (A* = A!, Al)-site atoms and dp hybridizations
between the A*-site and S atoms. In addition, the more powerful covalent bonds of A'-S and Ga-S$ in
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Accepted 11th December 2019 the A"Ga,S, lead to the larger SHG responses of ZnGayS4 and HgGa,S,. For the birefringences, the sizes

of the A*-site atoms make sense, namely larger size will lead to higher distortion of tetrahedra, then
DO 10.1039/c9ra09109b result in large birefringences. All the above analyses conclude that the A*-site atoms in the chalcopyrite

rsc.li/rsc-advances structures play a modulation role in determining the optical properties.
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Introduction

As the key materials in the development of solid-state lasers by
frequency-doubling conversion technology, nonlinear optical
(NLO) materials have attracted considerable attention,'® that is
attributed to their worthy applications in many advanced
technological fields, such as infrared remote sensing, semi-
conductor photolithography, environmental monitoring, bio-
logical tissue imaging and minimal surgery. During the past few
decades, a great number of famous materials applied in the
ultraviolet (UV), deep ultraviolet (DUV) and visible regions have
been synthesized such as KH,PO, (KDP),”® KTiOPO, (KTP),® B-
Ba,BO, (BBO),"° LiB;Os; (LBO)" and KBe,BOF, (KBBF).
However, the DUV materials are far from meeting the needs of
the applications. Very recently, for DUV the novel deep UV
(DUV) NLO fluorooxoborate crystals, which are represented by
typical ABF families,”® ™ have been successfully designed and
achieved through using the first-principles method by Pan and
Yang et al.'s group.'® Unfortunately, these materials cannot be
utilized in the infrared (IR) region because of insufficient
optical transparency and low SHG."
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In IR region, metal chalcogenides AgGaQ, (Q = S, Se) are
classical NLO materials and generate large second harmonic
generation (SHG) responses together with wide IR transparent
ranges,'®*?° but application prospects are seriously hindered by
inherent performance defects, such as low laser damage, which
is owing to their microcosmic functional building units like the
anion groups® in their structures. Generally, the criteria of an
outstanding IR NLO material are as following: (1) long IR
absorption edge, (2) large SHG response, (3) wide optical band
gap, (4) high laser damage threshold (LDT) and easy to grow
large-size single crystals. A wide band gap usually corresponds
to low SHG responses in an IR crystal. Thus, the discovery of
outstanding mid/far-infrared (IR) nonlinear optical (NLO)
materials is still challenging, because of the difficulty in
achieving a good balance between the band gap and second
harmonic generation (SHG) effect. Under this circumstance,
many promising IR NLO materials like, HgGa,S4,”* ZnGa,S,,*
SnGa,S,,>* PbGa,S,,* BaGa,S,,** BaGa,Se,,”” Na,Ga,GeSg,?*
BaGa,GeX (X = S, Se),* Li,Ga,PS¢,* SrsZnGaeS;5 (ref. 31) are
reported, which could satisfy the request mentioned above. By
systematically investigating their microstructures, we discov-
ered that GaQ, tetrahedra are common functional anion
groups. However, surprisingly we found the differences of the
SHG responses between the chalcopyrite family A'GaS, (AgGa$,
(AGS), CuGaS, (CGS)) and A"Ga,S, (HgGa,S, (HGS), ZnGa,S,
(ZGS)), which have the same functional [GaS,] groups. There-
fore, we focused on the theoretical study of the chalcopyrite
system with different cations to offer a proposal for the exper-
imental researchers. In the present research, based on the
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density functional theory, we investigate the origin of the
property differences between the AGS, CGS and HGS, ZGS
crystals. The results show that the covalent intensities of the
Ga-S and A*-S (A* = A", A") bonds, the distortion of the [A*S,]
and [GaS,] tetrahedra, have obvious differences among the four
compounds and further lead to the difference of their optical
properties.

Computational details

The present calculations were performed using the pseudo-
potentials plane wave method, within density functional
theory (DFT) as implemented in the CASTEP computer
package.*” The exchange and correlation effects were consid-
ered under the generalized gradient approximation (GGA)
scheme,* with the Perdew-Burke-Ernzerhof (PBE) functional .**
Under the norm-conserving pseudo-potentials (NCP),**” the
following orbital electrons were treated as valence electron: Ag
4d'%5s', Cu 3d"%4s’, Hg 5d'%6s%, Zn 3d'%°4s® and Ga 4s’4p’, S
3s%3p”. To reach the convergence of calculation, the energy
cutoff was set up to be 800 eV for AGS, HGS, ZGS, 880 eV for
CGS, and Monkhorst-Pack scheme was set at 4 x 4 x 5 for AGS,
6 x 6 x 3 for CGS, and 5 x 5 x 3 for HGS, ZGS respectively in
the primitive cell of the Brillouin zone (BZ). The imaginary part
of dielectric function ¢, can be calculated based on the elec-
tronic structures and the real part is obtained by the Kramers-
Kronig transform, accordingly the refractive indices and the
birefringence (An) can be calculated. In addition, hybrid func-
tional HSE06,*® was employed to describe band gap values,
which was found in better agreement with experimental values.

The so-called length-gauge formalism derived by Aversa and
Sipe* was performed to calculate the NLO properties. The SHG
response is estimated through calculating the static second-
order nonlinear susceptibilities at zero frequency. The second-
order coefficients can be simplified as:*

szz Y = szz[%y(VE) + Xg[gy(VH)
and the formulas for calculating the contributions from virtual
electron (VE) and virtual hole (VH) are as follows:

e d’k
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Here, «, 3, v are Cartesian components, v and v/, denote valence
bands, ¢ and ¢’ denote conduction bands, and P(a@y) denotes

41862 | RSC Adv, 2019, 9, 41861-41867

View Article Online

Paper

full permutation. The band energy difference and momentum
matrix elements are denoted as Aw; and p;*, respectively.

In REDA approximation, the birefringence can be estimated
by the anisotropic valence bond of anionic groups as:**

ERZ[NcZaApb]g

An=—2%

2}’[1Eo

Here, N is the correction coefficient, N, is the coordination
number of the nearest neighbor cations to the central anion, Z,
is the formal chemical valence of the anion, ApP is the differ-
ence between the maximum and minimum bonding electron
density of covalent bond in an anionic group on the optical
principal axes of a crystal, E, is the optical band gap, and 7, is
the minimum refractive index. In the formula,

= Y[NeZaAp®/(n1Eo)], is called the REDA index which could
g

be employed to characterize the optical anisotropy of
materials.**

Results and discussion

Structure descriptions

The ternary compounds AGS and CGS have a similar chemical
formula A'GaS,, which are isostructural and belong to the same
space group I42d of the tetragonal system. As seen in Fig. 1(a),
each S atom is coordinated with two A'-cation and two Ga atoms
in the structure. Besides, each A'-cation and Ga atom linked
with four S atoms forming [A'S,] and [GaS,] tetrahedra, and the
tetrahedra are arranging along the [111] direction. The iso-
structural compounds ZGS, HGS belong to the chalcopyrite
family of A"Ga,S,, which crystalizing in the same nonlinear
tetragonal I4 space group. As shown in Fig. 1(b), each A"-cation
is coordinated with four S atoms in the unit cell. The Ga atoms
take two different positions and each S atom linked with two Ga
and one A"-cation, forming [A"S,] and [GaS,] tetrahedra along
[111] direction. It is clearly seen that [GaS,] tetrahedra contain
all S atoms of the compounds. The only difference is that each S
atom has four coordinations in A'GaS, (normal structures),
while in A"Ga,S, each S atom has three coordinations,
belonging to the defect chalcopyrite compounds. The unit cell

®)

Fig. 1 The crystallographic structure of (a) AgGaS,, (b) HgGasS,4.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Calculated SHG coefficients and band gaps for the compounds AgGaS,, CuGaS,, HgGazS4 and ZnGa,S,*

Space group HSE06 Band gap (eV) GGA Exp. SHG coefficients (pm V1)

AgGasS, Ii2d 2.74 1.28(Cal.) 2.64(Exp.)* dy, = 10.90
dy, = 13°

CuGas, 1i2d 2.44 1.04(Cal.) 2.43(Exp.)° dy, = 9.11(0.7 x AGS)
dy,=11°

ZnGa,S, bz 3.49 2.16(Cal.) 3.60(Exp.)° dy, = 13.2(1.01 x AGS)
dy4 = 11.92(other cal.)?

HgGa,S, i 2.78 1.64(Cal.) 2.84(Exp.)¢ dy, = 21.3(1.64 X AGS)

¢ (Cal.) this work; a,* b,* ¢,* d,* e.*”

parameters of the considered systems are listed (more calcu-
lated details in ESI Table S17).

Band gap and electronic structure

The calculated band gaps are respectively 1.28 eV for AGS,
1.04 eV for CGS, 2.16 €V for ZGS and 1.64 eV for HGS, as shown
(more calculated details in ESI Fig. S27). In the band structure
spectra, the highest point of the valence band (VB) and the
lowest point of the conduction band (CB) are located at the
same G point, which obviously demonstrates that the
compounds are direct band gap compounds. The calculated
band gaps are smaller than the experimental values (the data
are shown in Table 1), which is common and mainly due to the
discontinuity of exchange-correlation potential.”> Among the
four compounds, ZGS exhibits the largest band gap both in
theoretical and experimental results. To further investigate the
reason, the total and partial density of states (TDOS and PDOS)
were also analyzed, from which we can gain useful information
such as the hybridization of orbitals and contributions of the
states to the electronic band structures.

As shown in Fig. 2, the VB of AGS can be divided into two
major distinct regions: from —7.3 eV to —5 eV, the Ga-4s states
totally overlap with S-3p states, showing strong Ga-S covalent
features. Near the top of the VB from —5 eV to Fermi level is
mainly contributions of Ag-4d and S-3p states. At the meantime,
noted that there are hybridization between Ag-4d orbitals and S-
3p orbitals at the —2 energy level.*” As for compound CGS, the
energy band near the Fermi level was composed by three
regions. The energy from —7.6 eV to —5.6 eV are contributed by
Ga-4s states and S-3p states, which shows strong Ga-S covalent
interactions. The region from —5.6 eV to —2.3 eV is mainly
contribute from Cu-3d and S-3p orbitals, and the Cu-3d states
overlap with the S-3p states at the —3 eV energy level, revealing
the weak hybridization effect of Cu-S orbitals.** The energy
from —2.3 eV to the Fermi level is mainly contributed by Cu-3d
states and S-3p states. It is worth noting that the hybridization
effect between Cu-3d states with S-3p states is much stronger
than that between Ag-4d and S-3p states, which may be the
reason that CGS has a relatively smaller band gap than that of
AGS.”” The same conclusion from population analysis could be
obtained, which is shown in Table 2. The CB are similar in these
isostructural compounds, which is mainly dominated by Ag-5s

This journal is © The Royal Society of Chemistry 2019

dy4 = 31.5(powder effect)?

orbitals, Ga-3s, 4p orbitals and S-3p orbitals in AGS, Cu-4s
states, Ga-3s, 4p orbitals and S-3p orbitals in CGS. The band
gap is mainly determined by the edges of the valence band (VB)
and conduction band (CB). From the Fig. 2(a and b), it is clear
that the top of the VB band is mainly occupied by the S-p
orbitals and the bottom of the CB is mainly occupied by the
Ga-s orbitals. As a result, the Ga and S atoms maybe determine
the band gap for these compounds. For the chalcopyrite family
of A"Ga,$,, the density of states share almost the same feature,
the energy band near the Fermi level was composed by three
regions. In the region from —7 eV to —4 eV, the Hg-5d overlap
with S-3p orbitals, revealing the weak hybridization effect of
Hg-S in HGS. As for ZGS, Zn-4d orbitals overlap with S-3p
orbitals, displaying the weak hybridization interactions.
Meanwhile, there is little hybridization interaction between the
Ga-4s states with S-3p states. Near the Fermi level (from —7 eV to
Fermi level) is mainly composed of Ga-4s, 4p and S-3p states for
ZGS and HGS. From the Fig. 2(c and d), it is clear that the top of
the VB band is mainly occupied the S-p orbitals and the bottom
of the CB is the Ga-s orbitals. Accordingly, the Ga-4p and S-3p
orbitals determine the optical band gap of A"Ga,S,
compounds. For the A"Ga,S, family, the only difference is that
in the region from —7 eV to —4 eV, the Hg-5d hybridization
interaction with the S-3p orbitals was stronger than those
between Zn-3d and the S-3p orbitals, tending to develop a rela-
tively narrow band gap.

Accordingly, it could be obviously discovered that their
d orbitals positions in the energy zone are different, namely
there is no d orbitals effect on the —3 eV to the Fermi level in
ZGS, which lead to the largest band gap among the four
compounds and may be caused by the high localization of the
d orbitals of Zn.

Moreover, comparing the DOS of the two structural types of
A'GaS, and A"Ga,S,, it could be found that the dp interactions
have a significant impact on the band gap. At the same energy
level, strong dp hybridization makes the band gap smaller, near
the Fermi level without the influence of the A-site cation
d orbitals leads to increasing the band gap. The dp hybridiza-
tion in A'GaS,-type compounds locate at a deeper energy level in
VB, so they have wider band gap than A"Ga,S,-type compounds.
To further approve the above discussion, and as well known the
optical properties are correlated with electron transitions from

RSC Adv, 2019, 9, 41861-41867 | 41863
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Fig. 2 Partial density of states (PDOS) and orbitals for (a) AgGaS,, (b)
CuGa$,, (c) HgGa,S4, (d) ZnGayS,.

VB and CB nearby Fermi level.*” We calculated the top of the
orbitals in —3 eV to 3 eV region. As shown in Fig. 2, the highest
occupied state levels respectively come from A'-cation 4d and S-
3p orbitals, and the lowest unoccupied states mainly derived

41864 | RSC Adv, 2019, 9, 41861-41867
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Table 2 Bond population (Q) for AgGa$S,, CuGa$S,, HgGa,S,4, ZnGa,S,

Population

Compounds Bond (Q
AgGaS, Ag-S 0.36

Ga-S 0.47
CuGas, Cu-S 0.39

Ga-S 0.46
ZnGa,S, Zn-S 0.46

Ga-S 0.53-0.58
HgGa,S, Hg-S 0.44

Ga-S 0.52-0.56

from both between Ga-4p and S-3p hybridization orbitals in the
normal compounds. As for the A"Ga,S,; compounds, the highest
occupied state levels are mainly contributed by the S-3p orbitals,
Ga-4p and the lowest unoccupied states are composed of S-3p
states, which match well with the PDOS analysis.

NLO coefficient and birefringence

The birefringences of AGS, CGS, HGS and ZGS were obtained to
be 0.066, 0.002, 0.044 and 0.008 @ 1064 nm, which is (more
calculated details in ESI in Fig. S27). In general, distortion in the
tetrahedral groups can affect the optical anisotropy, which
could be one of the reasons for the relative large birefringence.
And the center-atom size and the divergences of the bond
lengths and angles could relatively represent the distortion
extent. Therefore, we compared the center-atom radius, the
bond lengths and angles of the tetrahedra in A'GaS,, and
A"Ga,S,. According to the periodic table of elements, the radius
of the A*-site atoms in the two families have the following
orders: ryg (1.76 A) > 7, (1.53 A) and rag (1.75 A) > 7oy (1.57 A),
which matches well with their birefringences calculated in this
work. To further observe the distortion of the MS, (M = A*, Ga)
tetrahedra, bond lengths and angles are made a careful
comparison. In the structures of A'GaS,, the bond angles of S—
A'-S present obvious differences (106°-116° for S-Ag-S and
109°-110° for S-Cu-S) while the angles of S-Ga-S are similar in
both compounds. While in A"Ga,S, type compounds, the angles
among A'-site and S are similar (108°-111° for S-Hg-S and
109°-110° for S-Zn-S), however, the angles of S-Ga-S occur
large differences (104°-117° in HGS and 106°-115° in ZGS).
Therefore, it could be clearly seen that the A'S, tetrahedra in
A'GasS, while GaS, tetrahedra in A"Ga,S, lead to the difference
of the birefringence. To further verify this, we calculated the
response electron distribution anisotropy index through the
response electron distribution anisotropy REDA method
proposed by Yang et al.>® The calculated REDA indexes and
birefringences are listed in Table S21 and shown in Fig. S3.} It
should be noted that exhibiting larger REDA index means more
contributions to the birefringence. The results show that in
A'GaS, the REDA indexes of the A'-S bonds are both larger than
those of Ga-S bonds (0.031 in AGS, —0.006 in CGS), and the Ag-
S bond (0.329) lead to larger REDA index than Cu-S bonds
(0.062). As for the A"GaS, compounds, the REDA indexes of Ga-

This journal is © The Royal Society of Chemistry 2019
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S bonds (0.138 in HGS, 0.055 in ZGS) are larger than those of
A"-S bonds (0.091 for Hg-S, 0.027 for ZGS), indicating the larger
contribution to the birefringences.

All about compounds belong to the asymmetric space group
and exhibit relative SHG responses.”® We calculated the SHG
coefficients of the four compounds by GGA with the scissors
operators because of the common issue for underestimation,
which is the difference between the calculated and the experi-
mental values. The calculated SHG coefficients of all
compounds are d;, = 10.90 pm V_* for AGS, d;, =9.11 pm V!
for CGS, dy4 = 13.2 pm V_* for ZGS, d,, = 21.3 pm V' for HGS,
listed in Table 1. In order to analyze the contribution of each
atom to the SHG response, an SHG-density technique® was
used. Generally, there are two transition processes, namely VE
and VH process. The obvious contribution of the VE process are
predominant (>70%) for all compounds, so the SHG density are
analyzed in the VE process. Fig. 3 shows the SHG densities of
the four compounds at the occupied state and unoccupied
states. The SHG-densit method is able to elucidate the SHG
response in complex electron structure.>® The method ensures
that the quantum state which give rise to SHG can be shown
together as either occupied or unoccupied “SHG-density”.
While the states irrelevant to SHG are not shown. Through the
resulting distribution of such densities, thus the origin of SHG
optical nonlinearity can be highlighted in real space.** Hence, it
could be seen that in the occupied states, A*-site atoms and S
make the main contribution and in the unoccupied states, A*-
site atoms together with Ga and S make contributions to the
SHG response. Hence, we can tentatively deduce that the SHG
response of A'GaS, compounds may be the contribution of the
[A'S,] and [GaS,] unit. There is the same result for the A"Ga,S,
compounds (the [A"S,] and [GaS,] unit are the contribution of
the SHG response).
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Fig. 3 The SHG-density of AgGaS, (a and b), CuGaS, (c and d),
HgGa,S4 (e and f), ZnGayS4 (g and h).
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Fig. 4 The electron-density difference of AgGaS, (a), CuGaS, (b),
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Origin of the linear optical property

The stronger covalent bond will lead to a larger SHG effect.> So
the localized electron-density difference (EDD) is calculated,
which is the difference between the assumed standard or
model electron density and the actually observed or DFT
calculated electron density to estimate the chemical bond
characteristics in both families.>® As shown in Fig. 4, it could
be clearly seen the electron cloud between the Ga-S and A*-S,
indicating the covalent properties of them. To gain deep
insight into the bonding behavior of the compounds, the bond
character overlap population (Q) and bond distance analysis
were performed, and the calculated results are displayed in
Table 2. Bond population analysis can performed to get more
information about the bonding character and to clarify the
charge transfer between title compounds. Accordingly, we can
see that bond population values between Ga with S and A"
with S atoms in A"Ga,$S, type compounds is slightly larger than
that between Ga with S and A" with S atoms in A'GaS, type
compounds. The result, may be the reason of A"Ga,S, has
larger SHG responses than A'Gas,.

Conclusions

On a theoretical front, we made a comprehensive CASTEP study
about the optical properties of AGS, CGS, ZGS and HGS, which
agree well with the experimental observations. In all the
compounds, [GaS,] unit determined the band gap however the
dp interactions between A* and S atoms also play important
roles. Moreover, the size effects of A*-site atom and the distor-
tion extent of the tetrahedra have large influences on the bire-
fringence. In addition, through analyzing the origin of the SHG
effects, we find that the [GaS,] unit a main contribution of the
SHG performance and the [A*S,] unit as well as have an
important role in the SHG effect, and also the SHG response
depends on the different cations.
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