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Screening a good-performance infrared (IR) nonlinear optical (NLO) material with a large band gap,
appropriate second harmonic generation (SHG) response and moderate birefringence has inspired the
study of AgBSe (A = Cu, and Ag; B = Si, Ge, and Sn). The AgBSe series exhibits apparently hierarchical
changes in the optical properties with ion-substitution under the same symmetry. In this paper, by the
first-principles method and SHG-density method, the electronic structure, the optical properties and the
contribution of respective ions and ion groups have been investigated. This reveals that the substitution
from Ag to Cu with isostructural compounds induces the apparent enhancement of the SHG responses,

Received 12th December 2018, which is mainly attributed to the different intensity of dp hybridization between the A cation and S.

Accepted 28th January 2019 In addition, tetrahedra formed by B-site cations contribute little to the SHG, mainly because they offset
DOI: 10.1039/c8nj06270f each other. For the tiny changes in band gaps, it is found that the synergetic effect of B-site ion size,

compound volume size and dp hybridization of A-S plays an important role. This study provides a feasible
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Introduction

Since the laser and second harmonic generation (SHG) were
discovered, second-order nonlinear optical (NLO) materials
have been widely used in scientific and technological fields,
including visible laser generation, artificial nuclear fusion,
precision scientific instruments, and so on.’™ In the past few
decades, lots of well-known materials applied in the ultraviolet
(UV) region have been synthesized such as KH,PO, (KDP),>°
KTiOPO, (KTP),” B-Ba,BO, (BBO),® LiB;05 (LBO)® and KBe,BOF,
(KBBF).'** Recently, also springing-up, CsB,O6F,"> NH,B,O4F,"*
LiBgOoF," K3B¢01,Cl,'® Pb,Bas(BO;);Cl,"” and AB,OGF (A = K, Rb,
and Cs)"® have become some of the new deep-UV candidates.

In the mid/far IR region, well-known NLO materials such as
AgGaQ, (Q = S, and Se) and ZnGeP, (ZGP) are commercially
used. They possess high SHG coefficients of about 13 pm V™,
33 pm V', and 75 pm V', respectively.’® Despite the large
NLO coefficients, these materials have disadvantages that hinder
their application in mid-IR laser generation, for example, the
value of laser damage threshold (LDT) for AgGaS," and AgGaSe,*

“School of Physics Science and Technology, Xinjiang University, Urumgi,

Xinjiang 830046, China. E-mail: zhangjunxju@163.com
b Department of Physics, Tamkang University, New Taipei 25137, Taiwan
t Electronic supplementary information (ESI) available: Band structures, local
dipole moment calculation, birefringence Mulliken population, ionic radii, bond
length and volume for CugSiSe, CugGeSs, AggGeSe, and AggSnSe. See DOI: 10.1039/
¢8nj06270f

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019

way to design and synthesize good-performance IR NLO materials.

is very small and only reaches 2 W cm™" and 11 MW cm ™,
(@1.06 pum, 35 ns), respectively.*®

As we all know, metal chalcogenides can be used in the
mid/far IR region. Comparing metal chalcogenides with oxides,
the weaker electronegativity difference in metal chalcogenides
will lead to a red shift to expand the transparency, therefore the
relationship between microscopic structure and macroscopic
properties will be different from oxides. It is known that the
larger band gap may be beneficial in generating high LDTs, but
results in small NLO coefficients. In the IR region, good NLO
materials should have a large energy band gap (>3.0 eV) and
moderate SHG response (comparable to AgGas,). Balancing
the large energy band gap and appropriate SHG response has
been a challenge for a long time.*"** The Ag-containing and
Cu-containing chalcogenides are recognized as important NLO
crystals in the IR region. Except for AgGaS,, AgGaSe, and
CuGasS,, many Ag and Cu chalcogenides have been synthesized:
AgHoSe,, Ag,In,MSg (M = Si, and Ge), AgCd,Ga$S,, Ag,BaGeSe,,
Ag,BaSnSe,, Ag,BaSiSe,, Ag,CdSnS,, Cu,BaSiSe,, Cu,BaGeS,,
Cu,BaGeSe,, Cu,BasnS, and Cu,BaSnSe,.”>** As is common
knowledge, Ag-containing and Cu-containing compounds have
relatively large SHG responses but relatively small gaps, for
instance, AgGaGeS, (E; = 2.53 €V, 15.0 pm v™1), Ag,BaGeS,
(Eg = 2.02 eV, 22.1 pm V'), and Cu,BaSnS, (E, = 1.96 eV,
20.0 pm V ').>*** One may notice that there are still Ag-
containing compounds with large gaps: AgGaGeS, (E; = 3 eV)
and KAg,PS, (E; = 3.02 eV). So, this raises the question, what
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kind of Ag-containing compounds may have a large gap without
loss of a large SHG response and what is the origin of these
properties. In this paper, we focus on four Ag-containing and
Cu-containing compounds, CugSiSe,>®> CugGeSq,>® AgsGeSg>’
and AgsSnSs.>® CugSiSe was first reported by PAR M. et al. in
1981. CugGeS; was first synthesised by M. Ishii et al. in 1999.
AgsGeSq and AgsSnS, were first researched by Wang, N.>° et al.
in 1978. However, their nonlinear effects vary widely, and their
intrinsic response mechanisms have not been reported. In this
work, the electronic structure and optical properties are esti-
mated by a combination of the density functional theory (DFT),
SHG-density and band-resolved methods, and the results show
that the intensity of dp hybridization between d'° cation and
S has an important influence on the SHG responses, which
clarifies the origin of the apparent enhancement of the SHG
responses caused by the substitution from Ag to Cu.

Calculation method

All the compounds crystalize in an orthogonal manner and have
non-centrosymmetric (NCS) structures. The first-principles calcu-
lations were performed by the plane wave pseudopotential
method implemented in the CASTEP package.’® During the
calculation, we adopted the generalized gradient approximation
(GGA) and Perdew-Burke-Ernzerhof (PBE) functional.®® The
norm-conserving pseudopotential (NCP)**”** was set up to calcu-
late the electronic structure and optical properties. The energy
cutoff was set to 880 eV for AggGeSes, AggSnSs, CugSiSs and
CugGeSg to reach the convergence of calculation. The following
orbital electrons were treated as valence electrons: S 3s°3p”,
Ag 4s*4p®4d'’5s", Ge 4s*4p?, Cu 3d"%4s", and Si 35>3p?, and the
Brillouin zone was performed using a 2 x 4 x 3 (for AgsGeSg
and AggSnSe) and 4 x 4 x 3 (for CugGeS¢ and CugSiSe)
Monkhorst-Pack k-point sampling, respectively. When using
the CASTEP code for calculation, we kept the default values of
related calculation parameters and convergent criteria.

In order to further elucidate the microscopic origins of the
optical properties, the SHG response was estimated through
calculating the second-order NLO coefficients at zero fre-
quency limit. The formula of second-order coefficients can be
derived as:**

Xopy = Lapy (VE) + Lapy (VH)
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where o, f§, and y are Cartesian components, v and v’ denote
valence bands, ¢ and ¢’ refer to conduction bands, and p(ofy)
denotes full permutation. The band energy difference and momen-
tum matrix elements are denoted as /iw; and py, respectively.

Crystal structure

Although all title compounds have the similar formula AgBCg,
they crystallize in different polar space groups. Among them,
CugSiSs and CugGeSe belong to the space group Pmn2, of the
orthogonal system, AgsGeSs and AggSnSe crystalize in Pna2, of
the orthogonal system. Additionally, even though the element
substitution (Cu to Ag, Ge to Si and Ge to Sn) in the AgBCq
family is simple, they show an obvious structural transforma-
tion from Pmn2; to Pna2,. All the structures demonstrate a
three — dimensional (3D) framework, and here we take CugSiSs
and AggGeS, as examples to describe the crystal structures (shown
in Fig. 1). The detailed crystallographic information of the title
compounds is listed in the ESIt Table S1.

In CugSiSe, Z = 2 (number of molecules in a unit cell), there
are sixteen Cu atoms, two Si atoms and twenty S atoms in a unit
cell; the Cu atoms have two types of coordination: distorted
tetrahedral [CuS,] units and flat triangular [CuS;] units. (Fig. 1).

In AggGeSs, Z = 4, its unit cell contains four Ge atoms, thirty
two Ag atoms and twenty four S atoms. The structure (shown in
Fig. 1) is complex. It clearly shows that Ag has three kinds of
coordination, distorted tetrahedral [AgS,] units, flat triangular
[AgSs] and linear [AgS,] units. Thus, the structure is formed by
[GeS,], [AgS,] tetrahedron and [AgS;] triangles through sharing
S atoms; Ag atoms with linear coordination are additionally
introduced into the voids of this carcass (Table 1).>’

Band gap and electronic structure

A plane-wave pseudopotential CASTEP package based on DFT
was employed to provide the description of band structures and

Fig. 1 Crystallographic structures of CugSiSg and AggGeSs.

Table 1 Crystallographic structure data of the title compounds

Compound CugSiSe CugGeSg AggGeS, AggSnSe
Crystal system  Orthogonal Orthogonal Orthogonal Orthogonal
Space group Pmn2,4 Pmn2,4 Pna2, Pna2,

a (A) 6.992 7.044 15.13 15.298

b (4 6.900 6.966 7.46 7.548

c(A) 9.772 9.869 10.58 10.699

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Table 2 The calculated band gap and SHG tensors of CugSiSg, CugGeSg,
AggGeSe and AggSnSe

Calculated SHG tensors Band gap

Compound (pm Vv (GGA + PBE)

CugSiSe dys = 3.10 0.97 (Cal.)
dyy= —9.62 1.30 (Exp.)
dyz = —8.13

CugGeS, dys = 13.68 0.72 (Cal.)
d,y = 0.97 —
ds3 = 11.03

AgyGeSg dys = —1.85 0.78 (Cal.)
dyy = —2.84 1.45 (Exp.)
dsz = —4.98

AgySnSe dys = 3.92 0.55 (Cal.)
dyy = 0.65 1.39 (Exp.)
dss = 5.78

electronic structures.®® The calculated band gaps are 0.97 eV for
CugSiSe, 0.72 eV for CugGeSg, 0.78 eV for AgsGeSs, and 0.55 eV
for AgsSnSs, respectively (shown in Table 2). The calculated
band gap is slightly smaller than the experimental band gap,
the underestimate of band gap is due to the discontinuity of
energy of the GGA functional. Their band structures are quali-
tatively similar to one another and are direct band gaps (shown
in Fig. S1, ESIt). To further elucidate the microscopic origins of
the optical properties, the first-principles electronic structures of
CugSiSe, CugGeSs, AgsGeSs and AggSnSe were obtained and are
shown in Fig. 2a-d. According to the total and partial density of
states (PDOS) in Fig. 2a, we conclude that the energy level from
—3.5 to 0 eV at the valence band maximum (VBM) is mainly
contributed by Cu-4p4d and S-2p orbitals. The energy level from
2 to 5 eV at the conduction band minimum (CBM) is mainly
dominated by Cu-4p and S-2p orbitals. As shown in Fig. 2(c), the
contributions at the valence band maximum for AgsGeSs are
mainly from the S-2p orbital, the Ag-5s4p4d orbital and slightly
from the Ge-4p orbital, the contributions to the conduction band
are mainly from the Ge-4p, S-2p and Ag-5s4p orbitals. This
indicates that the interaction between Cu-S in [CuS,] and
[CuS;] has a more important influence on the band gaps of
CusgSiSe and CugGeSg than that of Si-S in [SiS,] or Ge-S in [GeS,].
Also, in AggGeSs and AggSnSe, the interactions between Ag-S in
[AgS,] [AgS;] and [AgS,] determine the band gap.*®

One may notice that the band gaps of CugSiSs, CugGeSs,
AgsGeS, and AggSnS, are apparently different although they are
isostructural compounds to each other. Since the properties
have a relation with the electron transition from the top of the
valence bands to the bottom of the conduction bands near the
Fermi level, to explore the differences among the band gaps, we
calculated the orbitals and analysed the VBM and CBM (shown
in Fig. 2).” It is clearly shown that the orbitals from the Cu
atoms and S atoms dominate the VBM and CBM of CugSiSg and
CugGeSe. The Ag atoms and S atoms contribute to the VBM and
CBM of AggGeSs and AggSnSe, which is coincident with the
results from the PDOS. To gain more insight on the difference
of the band gaps, we performed Mulliken population analysis
and ion size analysis (shown in Table S3, ESIt). The calculated
results reveal that there is a trend of an increase in bond
length from CugSiSe to CugGeSs and from AgsGeSg to AgsSnSe.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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The volume of CugSiSs (471.517 A®), CugGeS, (484.343 A%),
AgsGeSg (1174.46 A%), and AgeSnSe (1235.41 A®) also increased
via the enlargement of the bond length. The ion size has an
immediate influence on the electronic interactions between
cation and anion orbitals.*®*° Thus, the ionic radius of B-site
Ge** (0.53 A) is larger than that of B-site Si** (0.4 A), which causes
a stronger interaction with the anions (S), resulting in a broader
Ge-2p orbital and the red shift of band gap in CugGeSs compared
to CugSiSe. In AgsGeSs and AgsSnSe, the ionic radius of B-site
sn** (0.69 A) is larger than that of B-site Ge** (0.53 A), thus the
broader Sn-2p orbital leads to the red shift of the band gap. That
is why two compounds have the same structure but different
band gaps. The changes in cell volume also offer an explanation
for the variation in band gaps because the larger cell size will
lead to a narrower energy level spacing and smaller band gap,*°
which is consistent with the conclusion drawn above.

The other reason that caused a smaller band gap is the
difference of dp hybridization between A(A = Ag, Cu)-d and S-3p
orbitals.”* According to the PDOS (Fig. 2a and b), it is clear that
the Cu-d orbital and S-3p orbital hybridize from —3 eV to the
Fermi level at the top of the valence band; the dp hybridization
is strong enough to affect the valence band energy shift and
reduce the gap. In AgsGeSg and AgsSnSe, the situation is similar.
As shown in Fig. 2c and d, the Ag-4d orbitals and S-3p orbitals
hybridize from —2 eV to the Fermi level at the top of the valence
band, the valence band energy will be also shifted, and hence the
band gap is narrow in all title compounds.

Optical properties

Using DFT, the dispersions of refractive indices in the static
limit for CugSiSe, CugGeSs, AgsGeSs and AgsSnSe were obtained.
The birefringences are 0.059 for CugSiSs, 0.080 for CugGeSg,
0.082 for AggGeSs and 0.095 for AggSnSe at 1064 nm (shown in
Fig. S2, ESIt). The optical anisotropy is mainly attributed to the
response electronic density distribution anisotropy (REDA) in SiS,
GeS and SnS according to the REDA approximation proposed by
Yang et al.**** The moderate birefringence of all compounds
proves that they are phase-matching materials.*>

Considering that the calculation of SHG is highly sensitive to
the band gap, a corrected scissors operator defined as the
difference between the experimental gap and calculated gap was
used when evaluating the calculated optical properties.*> The
calculated second order NLO coefficients are shown in Table 2.
So, here, we will only discuss the largest effective SHG tensor of
CugSiSs (ds3 = —8.13 pm V'), CugGeSg (ds; = 11.03 pm V1),
AgsGeSg (ds; = —4.98 pm V'), and AgsSnSg (ds; = 5.78 pm V1),

In order to analyse the contribution of an ion (or ionic group)
to the SHG response, a SHG-density technique was adopted.
It was performed by using the effective SHG of each band as a
weighting coefficient to sum the probability densities of all states.
SHG-density can be divided into occupied and unoccupied states
of a virtual-electron (VE) and virtual-hole (VH), respectively.*®**
The SHG-density caused by an ion can be clearly viewed through
occupied and unoccupied states, however, the states that do not

New J. Chem., 2019, 43, 3719-3724 | 3721
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Fig. 2 PDOS, VBM and CBM of CugSiSe (a), CugGeSe (b), AggGeSe (c) and AggSnSe (d).

contribute to the SHG response will be invisible. In CugGeSg,
both the VH state and VE state have a positive effect on the
effective SHG coefficient (d33); the VH state takes a dominant
role, and the VE part plays a slight role (shown in Table 3). In
CugSiSs, the VE state mainly dominates the effective SHG
coefficient (ds3). Here, we show the VH of SHG-density for
CugGeSg and the VE state for CugSiSs (shown in Fig. 3). In CugSiSs
(Fig. 3a and b), Cu atoms mainly contribute to the occupied
states. In the unoccupied states, the S atoms are the dominant

Table 3 The calculated largest effective SHG tensors of CugSiSe, CugGeSg,
AggGeSg and AggSnSg

Compound SHG coefficients (pm V™') VE (pm V') VH (pm V')
CusSiSe dss = —8.13 ~5.20 ~2.93
CusGeSe dss = 11.03 1.72 9.31
AgsGeSg ds; = —4.98 —7.98 3.0
AgySnSs dss = 5.78 —2.21 7.99

3722 | New J. Chem. 2019, 43, 3719-3724

contributor and Cu atoms have a part contribution. In CugGeSg
(Fig. 3c and d), the occupied states are mainly decided by Cu atoms.
S and Cu atoms together contribute to the unoccupied states and
Ge atoms have little contribution. The situation is consistent with
the PDOS of CugSiS¢ and CugGeSe (Fig. 2a and b), which also
illustrates that [CuS] groups mainly determine the SHG response.

As for AggGeSg, the VE process has a positive effect on the
largest SHG coefficient (d;3), however, on the contrary, the VH
process has a positive effect on the largest SHG tensor (d;3) for
AggSnSe. So, here, we analyse the VE of AgsGeS, (Fig. 3e and f)
and VH of AgsSnS, (Fig. 3g and h), respectively. In the VE process
of AggGeSs, it clearly shows that not only Ag atoms contribute to
the SHG effect, but also the contribution of S atoms is appreciable
and intense. However, in AggSnSe, the VH process is dominant,
and Ag atoms mainly dominate the occupied states. In the
unoccupied states, the contribution is mainly from Ag and S
atoms. So, we can draw a conclusion that [AgS] groups mainly
contribute to the SHG effect in AggGeSs and AgsSnSe. Similar

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Fig. 3 SHG-density of VE state for CugSiSe (a and b), VH state for CugGeSe
(c and d), VE state for AggGeSe (e and f), and VH state for AggSnSe (g and h).

results were also obtained from the electronic band structures
of AgsGeSgs and AggSnSg (Fig. 2¢ and d).

The strong covalency will lead to a larger SHG effect, and
the calculated Mulliken population results revealed that the
covalency of the B-site atom and S is stronger than that of the
A-site atom and S (shown in Table S3, ESIT). But, on the contrary,
it is curious to find that A-site cations (d'® Cu and d'° Ag) have a
more intense effect on the SHG responses; it is a little bit unusual
that B-site cation groups ([GeS,], [SnS,] and [SiS,]) have a minor
contribution to the SHG effect, which is coincident with the
dipole moment calculation results (shown in Table S2, ESIT).* In
CugSiSy, it is clearly shown that the dipole moment of the [CuS]
group is larger than that of the [SiS,] group, and the situation in
CugGeS¢ is the same as that in CugSiSe. As for AggGeSe and
AggSnSe, the value of the dipole moment of the [AgS] group is
larger than that of the [GeS] group and [SnS] group.

Although all title compounds have the similar formula AgBCg,
it is interesting to note that the largest SHG coefficients have an
apparent difference between CugSiSe (d;3 = —8.13 pm V1),
CugGeSe (ds; = 11.03 pm V'), AgeSnS; (ds; = 5.78 pm V') and
AgsGeSq (d33 = —4.98 pm V'). By analysing the PDOS of all
compounds (Fig. 2), it is clear that the dp hybridization between

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Cu (CugGeSs and CugSiSe) and S is more intense than the dp
hybridization between Ag (AgsGeSs and AggSnSe) and S from
—3 €V to the Fermi level at the valence band top. We have also
summarized the SHG effect of ternary and quaternary infrared
materials containing Ag and Cu (shown in Fig. 4), noting that the
SHG effect shows a decreasing tendency from Cu to Ag, and this is
also because the dp hybridization between Cu and S is more
intense than Ag and S. That is why the SHG effect of all title
compounds behaves differently.

Conclusion

In summary, the electronic structures and optical properties of the
Ag/Cu containing chalcogenides have been calculated by the DFT
method. We concluded that the B-site ion size, compound volume
size and dp hybridization induce the changes of the band gap. The
moderate birefringences in these chalcogenide compounds imply
that they are phase-matching. By using the SHG-density method
and dipole moment calculations, the contribution of respective ion
and ion groups was explored. The SHG effect arises mainly from
A-site cations and S groups, [CuS;] and [CuS,] in CugSiSs and
CugGeSe, and [AgS,], [AgSs] and [AgS,] in AgsGeSs and AggSnSe.
While B-site cation groups, [GeS,], [SnS,] and [SiS,] have little
contribution to the SHG responses of the ternary compounds
mainly because they offset each other. It is also found that dp
hybridization between Cu and S is more intense than Ag and S
from —3 eV to the Fermi level at the top of the valence band, which
clarifies the enhanced SHG effect from AgyGeSs and AggSnSe to
CugSiSe and CugGeSe. This study provides a feasible way to design
and synthesize good-performance IR NLO materials.
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