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BaGa,SnSes: A New Phase-Matchable IR Nonlinear Optical
Material with Strong Second Harmonic Generation

Response
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By introducing heavy Sn ion to Ba-Ga-Q system, a new IR nonlinear optical material
BaGa>SnSes has been obtained. It crystallizes in space group R3 of the trigonal
system, with a = 10.1449(14) A, ¢ = 9.2490(18) A, and Z = 3. In the structure, three
(Ga/Sn)Ses are connected via corner-sharing to generate (Ga/Sn)3Seg building groups,
which are further joined to produce three-dimensional network with Ba?* lying in the
cavities. Due to the contribution of the large and easily-polarizable Sn atom and the
polar arrangements of the (Ga/Sn)Ses tetrahedra, the compound exhibits a very strong
NLO response that is ~5.2 times that of the benchmark AgGaS: at a fundamental laser
radiation of 2.09 um, and shows type-l phase-matchable behavior. Furthermore, the
calculated birefringence index is An = 0.1649 at 1.064 pm and the major SHG tensors

are di11 =62.91 pm/V and ds3 = 50.26 pm/V.
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Introduction

Due to their laser frequency conversion properties, nonlinear optical (NLO) crystals
are a very important class of optoelectronic material.>=° In the past decades, several
outstanding NLO crystals have largely satisfied the urgent need of UV and visible
NLO applications. However, in infrared (IR) region, only a few NLO crystals (e.g.,
chalcopyrite-type AgGaQ: (Q = S, Se) and ZnGeP2) are commercially available to
date, and each of them suffers from drawbacks that severely limit their wider
application.10-14 As a consequence, the exploration for new IR NLO materials with
better overall properties is extremely urgent. The desirable properties for an IR NLO
materials include: (1) a large NLO coefficient to increase the energy conversion

efficiency. (2) sufficiently large birefringence (An) to satisfy the phase matching

requirement. (3) wide IR transparency region. (4) high laser induced damage threshold.

(5) good chemical and thermal stability.1>

During the last decades, researches were widely carried out on metal
chalcogenides,'6-2 a rich source of IR nonlinear optical materials.24#% Compared with
oxides, metal chalcogenides have much boarder IR transmission range and hence are
more suitable for IR NLO application. An effective way to achieve large NLO
response and large birefringence is to introduce heavy atoms because the more
electrons the center cations have, the easier the NLO-active anionic groups are to be
polarized, which in turn may enhance the NLO responses and the birefringence. For
example, BaGasSer?® demonstrates four-five times larger SHG response than the

isostructural BaALSe7#° Previously, we identified BaGa2MQs (M = Si, Ge; Q = S,
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Se)38, which show excellent overall properties for practical applications. Here we are
interested in introducing the heavy and easily-polarizable Sn atom to replace Si and
Ge atoms, hoping to further increase the NLO coefficients and birefringence. Our
efforts have led to the discovery of a new quaternary IR NLO material BaGa2SnSes
with impressive NLO property. In this paper, we report the synthesis, crystal structure,

thermal, optical property, and theoretical calculation of this material.

Experimental section

Reagents.

The following reagents were used as obtained: Ba (99.9%), Ga (99.99%), Sn
(99.99%), S (99.9999%), BaS (98%) and Se (99.9999%), all from Sinopharm. The
binary starting materials, BaSe, Ga2Qs, and SnQ2 were synthesized by the
stoichiometric reactions of elements at high temperatures in sealed silica tubes

evacuated to 10-3Pa.

Synthesis.

The mixtures of BaQ, Ga2Qs, and SnQ2 in molar ratios of 1:1:1, 6:1:2, 2:3:2, and
2:1:6 were ground and loaded into fused-silica tubes under an Ar atmosphere in a
glovebox. The tubes were flame sealed under a high vacuum of 102 Pa and then
placed in a computer-controlled furnace. The samples were heated to 1273 K in 24 h
and kept at that temperature for 48 h, then cooled at a slow rate of 3 K/h to 623 K, and

finally cooled to room temperature naturally. Yellow and red crystals were obtained.
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Analyses of the crystals with an EDX-equipped Hitachi S-4800 SEM and single
crystal X-ray diffraction revealed the previously reported BaGa2Q4 and BaGasQ7 as
major products in all sulfide reactions and the three selenide reactions with the
starting material compositions of BaQ : Ga2Qsz : SnQ2 = 1:1:1, 6:1:2, 2:3:2.
Encouragingly, a new quaternary compounds with Ba, Ga, Sn, and Se in the
approximate ratio of 1:2:1:6 was found in products of the reaction with starting
materials BaSe : GazSes : SnSez; = 2:16, and the yield in our reaction was ~50%,
based on Ga. The red BaGa2SnSes crystal is of good quality and stable in the air for

months.

Structure Determination.
Single-crystal X-ray diffraction data of BaGa2SnSes were collected with the use of
graphite-monochromatized Mo Ka (4 = 0.71073 A) at 153 K on a Rigaku AFC10
diffractometer equipped with a Saturn CCD detector. Crystal decay was monitored by
re-collecting 50 initial frames at the end of data collection. The collection of the
intensity data, cell refinement and data reduction were carried out with the use of the
program Crystalclear.4l Face-indexed absorption corrections were performed
numerically with the use of the program XPREP.*2

The structure was solved with the direct methods program SHELXS and refined
with the least-squares program SHELXL of the SHELXTL.PC suite of programs.42
The atomic assignment and structural refinement were performed in similar manner as

the BaGa2MQs (M = Si, Ge; Q = S, Se)3® compounds except that the tetrahedral
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position is randomly occupied by the Ga and Sn atoms with refined occupancy of
Ga:Sn = 2:1, which is close to the EDX measurement results. The atomic coordinates
are now standardized with the program TIDY.*® The final refinement included
anisotropic displacement parameters and a secondary extinction correction. Additional
experimental details are given in Table 1 and selected metrical data are given in Table

2. Further information may be found in the Supporting Information.

Powder X-ray Diffraction.

Single crystals of BaGa2SnSes (about 0.3 g) were hand-picked from reaction products
and ground to powder. Then the powder X-ray diffraction (PXRD) pattern of the
powder sample was collected on a Rigaku MiniFlex Il diffractometer (Cu Ka
radiation, 1 = 1.5406 A) at 293 K. The 26 range is 10—70 °, with a step size of 0.02 °
and a scan speed of 0.1 s/step. PXRD pattern (Fig. 1) agrees well with the simulated
pattern generated using the CIF of the refined single crystal structure data (153K),
indicating that BaGa.SnSes does not undergo structural change from 153 K to 293 K

and that the bulk sample is of high purity.

Thermal Analysis.

A Labsys™TG-DTAL6 (SETARAM) thermal analyzer was used to investigate the
thermal property by the differential scanning calorimetric (DSC) analysis (the DSC
was calibrated with ALO3). About 15 mg of the BaGa2SnSes sample was placed in a

silica tube (5 mm o.d. x3 mm i.d.) and subsequently sealed under a high vacuum. The
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heating and the cooling rates were both 15 K /min.

UV-vis—NIR Diffuse Reflectance Spectroscopy.
A Cary 5000 UV-vis-NIR spectrophotometer with a diffuse reflectance accessory was
used to measure the spectrum of BaGa2SnSes and BaSOq as a reference in the range

250 nm (5.0 eV) to 2500 nm (0.5 eV).

SHG Measurement.

The optical SHG response of BaGa.SnSes was measured by means of the Kurtz-Perry
method.** The fundamental light is the 2.09 pm light generated with a Q-switched Ho:
Tm: Cr: YAG laser. The BaGa2SnSes crystals were hand-picked and ground to powder
with the particle size ranging from 20 to 150 um for the measurement and AgGasS:

sieved in the size 105-150 um was used as a reference.

Calculated Method.

The first-principles calculations for BaGa2SnSes were performed by the plane-wave
pseudopotential method implemented in the CASTEP package.*® In order to calculate
the disordered structure, one ordered structure was used in which the three statistical
locations were occupied by one Sn and two Ga atoms, respectively. The ion-electron
interactions were modeled by the ultrasoft pseudopotentials#® for all elements. The
local density approximation (LDA)*’" was adopted to describe the exchange and

correlation (XC) potentials. The kinetic energy cutoffs of 350 eV and Monkhorst-Pack
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k-point meshes*® with a density of (3 < 3 x 3) points in the Brillouin zone were
chosen.

It is well acknowledged that the DFT calculations with the XC functional always
underestimate the energy band gap of crystals. For calculating the optical coefficients,
a scissors operator*® %0 is usually introduced to shift up all the conduction bands to
agree with the measured band gap. Then based on the electronic structures, the

second-order susceptibility #, i.e., the SHG coefficient dij, can be calculated.5?

Results and discussion

Synthesis.

Interestingly, BaGa2SnSes was not obtained from the stoichiometric reaction but with
the excessive SnSe2 (melting point 948 K) probably as flux, which was also identified
in the reaction product. The Sn flux method was used in the synthesis of CusSbSeas,>
Mo0S2,% and Lai-xNdxCo2P2.% Although the synthesis of metal chalcogenides from
SnSe: flux is not common, the preparation of BaGa2SnSes from SnSez flux may open
away to further synthetic exploration of metal chalcogenides. Great efforts have been
made to synthesize analogues in Ba-Ga-Sn-S system, but they did not work after

many trials. Thus, we only report the study on BaGa>SnSes here.

Crystal Structure.
BaGa2SnSes crystallizes in the noncentrosymmetric polar space group R3 of the

trigonal system, with a = 10.1449(14) A ¢ = 9.2490(18) A, and Z = 3. In the
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asymmetric unit, there is one crystallographically independent Ba atom, one metal
position randomly occupied by both Ga and Sn in the molar ratio of 2:1, and two Se
atoms. Because there are no Se—Se bonds in the structures, the oxidation states of 2+,
3+, 4+, and 2— can be assigned to Ba, Ga, Sn, and Se, respectively.

As shown in Fig. 2A, the Ga/Sn atoms are 4-fold coordinated by four Se atoms
in distorted tetrahedra with (Ga/Sn)-Se bond lengths ranging from 2.355(7) to
2.4501(7) A (Table 3), a bit shorter than (Ga/Sn)-Se bond distances of 2.421 (2) to
2.482 (2) A in Nao3Gao.sSno.sSes,s and 2.423(1) to 2.522(1) A in KGaSnSes.5°
Besides, (Ga/Sn)-Se bond lengths in the title compound are also a little smaller than
typical Sn-Se values of 2.516(1) to 2.525(1) A in KaMnSn;Ses,% and 2.479(5) to
2.968(7) A in BasGa:SnSe11.>” Furthermore, the Ba atoms in this compound are
surrounded by twelve Se atoms with Ba-Se interatomic distances varying from
3.5891(9) to 3.8131(9) A, which are a little longer to those observed in related
compounds, such as BasGa2SnSeir (3.266(1) to 3.746(1) A),57 and BasCuGasSei»
(3.289(1) to 3.618 (1) A).58

The structure of BaGa2SnSes is illustrated in Fig. 2. As is in the case of
BaGa:MQs (M = Si, Ge; Q = S, Se)%, (Ga/Sn)sSes group ring is the fundamental
building unit of BaGa.SnSes (Fig. 2A). The (Ga/Sn)sSeg groups are arranged in
parallel manners and completely isolated from each other in the ab plane (Fig. 2B),
and are further linked with each other via sharing Sel atoms along the ¢ direction to
generate the three-dimensional framework with Ba?* cations locating in the cavities

(Fig. 2C). Nevertheless, due to the introduction of the large Sn atom, BaGa2SnSes
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possess the obviously larger cell volume (824.4(2) A3) than the other two selenides of
BaGazSiSes (778.3(2) A%) and BaGa2GeSes (788.4(2) A%).

Another series of compounds with similar stoichiometry were also reported,
namely AGazMQs (A = Sn, M = Ge, Q = S; A= Pbh, M = Si, Ge; Q = Se)3* %,
Although BaGa,SnSes possesses the same stoichiometry as the AGa2MQs (A= Sn, M
=Ge, Q=S; A=Pb, M = Si Ge; Q = Se) compounds, they crystallize in three
different space groups (R3 for BaGa2SnSes, Fdd2 for SnGa.GeSs, PhGa2GeSes, and
Cc for PbGazSiSes). For BaGa:SnSes, the Ba—Se interaction is mostly ionic in
character with no orientational preference, leading to a more “spherical” coordination
environment for Ba. Consequently, the three-dimensional framework in BaGa2SnSes
is formed by the (Ga/Sn)Ses tetrahedra only. However, for AGa:MQes (A = Sn, M =
Ge,Q=S; A=Pb, M =Si, Ge; Q =Se), Snand Pb are covalently-coordinated to five
or four Se atoms owing to the stereochemical activity of the lone pair electrons. And
the distorted SnSs and PbSes polygonal-pyramids are joined to MSes (M = Ga, Si, Ge)
alternately forming chains along b direction, which in turn become a part of the
three-dimensional framework.

Interestingly, changing the tetravalent ions did not result in the changes of
structure types in the series of BaGa:MSes (M = Si, Ge, Sn), while there is a phase
transition from the monoclinic space group Cc to the orthorhombic space group Fdd2,
when Si was replaced by Ge in the series of PbGaoMSes (M = Si, Ge). This
phenomenon demonstrates that the structure-directing natures of ionic Ba and

covalent Pb are obviously different. Thus, taking advantage of the different effects of
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structure-directing cations and the connection flexibility of MSes tetrahedra could
result in an impressive structural diversity, which may provide an enormous
playground for a further fundamental understanding of the synthetic methods and the

composition-structure-property relationship of metal chalcogenides.

Thermal Analysis.

The DSC curve of this compound is shown in Fig. 3. It is evident that BaGa2SnSes
has an endothermic peak at 923 K, and two exothermic peaks at 974 and 872 K,
which indicates the crystal melts incongruently, corresponding to the Sn-flux
synthesis method. In comparison, the melting points are 1271 K for AgGaS2, 1133 K
for AgGaSe2, 1298 K for ZnGeP2, 1361 K for BaGasS7, and 1241 K for BaGasSes.
The rather low melting point of BaGa2SnSes may help to decrease the vapor pressure

during crystal growth.

Optical property.

The optical diffuse reflectance method was used for the determination of the band gap.

Based on the UV-Vis-NIR diffuse-reflectance spectrum, absorption (F(R)) data are
calculated from the following Kubelka—Munk function (1):0. 61

rs KR
Rzg=r @

where R is the reflectance, K is the absorption, and S is the scattering. As shown in Fig.

4, experimental band gap of BaGa2SnSes is 1.95 eV, consistent with the red color of

the compound. This band gap is obviously smaller than that of the related isostructural
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BaGa2SiSes (2.88 eV) and BaGa2GeSes (2.22 eV) compounds.2® It is evident that the
involvement of heavier tetravalent ion tends to decrease the band gaps in this series of
compounds as the valence orbitals of the tetravalent ions contribute to the bottom of
the conduction bands to large extent and the energy of these valence orbitals decreases
from Si to Ge and to Sn. Alternatively, the band gap differences can be viewed as
heavily influenced by the different electron binding capacities of the atomic kernel.
The weaker the electron binding capacities of the atomic kernel are, the smaller the
bang gaps will be. Obviously, from Si to Sn, the atomic radii become larger and larger,
resulting in the weakening of electron binding capacities of the atomic kernel. As a
consequence, their band gaps decrease from Si to Sn: BaGa:SiSes > BaGaGeSes >
BaGa2SnSes.

To correctly determine the IR transmission range of the compound, large-size
single crystal is needed. Unfortunately, the sizes of the tiny crystals in our synthesis
lie in micrometers even after several trials. As a result, the IR transparent spectrum is
not measured. Still, from extensive research on numerous IR NLO materials including
AgGaQ2 (Q =S, Se)!% 1 and BaGasQ7 (Q = S, Se)® 26 IR materials, chalcogenides
have much broader IR transparent range than oxides (up to 12 pum for sulfides, and up
to 18 um for selenides). Hence, as a selenide, BaGa>SnSes should be able to cover the

two atmospheric windows of “3-5 um” and “8-12 un”.

NLO Property.

The ternary chalcopyrite AgGaS. has been widely used as benchmark material for



Journal of Materials Chemistry C

decades, due to its good properties, such as high SHG coefficient (dss) (13.7 pm/V),
wide transparent region (0.5—13um), relatively large birefringence, and easy
availability.*®> As shown in Fig. 5, the SHG intensity of BaGa2SnSes increases with the
increase in particle size. Although the curve does not reach a platform due to the
lacking of larger size particles, the increasing SHG intensity with the larger particle
size and calculated birefringence (0.1649 at 1.064 pm and 0.1473 at 2.0 pm) indicates
that BaGa2SnSes could achieve the type-1 PM in the MIR region.?8 62 Furthermore,
the powder SHG signal intensity of BaGa2SnSes is ~5.2 times that of the commercial
AgGaS:; at a particle size of 105~150 pm (Fig. 6).

In this structure, (Ga/Sn)Ses units are the microscopic NLO-active building
blocks. As shown in Fig. 2B, all (Ga/Sn)Ses tetrahedra are polarized in the same
direction c. Such polar arrangements are responsible for the large second harmonic
generation (SHG) response observed. In addition, due to the presence of the large and
polarizable Sn atom, BaGa2SnSes exhibits much stronger SHG response than the
isostructural BaGa2MQs (M = Si, Ge; Q = S, Se)¥ compounds, among which the
largest the SHG signal intensity is ~3.5 AgGaS: for BaGa2GeSes. The more diffuse
nature of the electron orbital of Sn makes the SnSes tetrahedra more susceptible to

polarization, leading to the stronger NLO response of BaGa2SnSes.

Theoretical Results.
A. Electronic structures and properties.

Fig. 7A shows the electronic band structure of BaGa.SnSes along the lines of high
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symmetry points in the Brillouin zone. It is clear that BaGa2SnSes is a direct gap
crystal with a calculated band gap of 1.6 eV. The partial density of state (PDOS)
projected on the constitutional atoms of BaGa2SnSes is shown in Fig. 7B, from which
several electronic characteristics are shown: (i) The valence band (VB) lower than
—5eV are mainly consisted of the isolated inner-shell orbitals of Ba 6s5p, Ga 4s3d, Sn
5s and Se 4s, which have little interaction with neighbor atoms; (ii) The upper part of
VB and the bottom of CB are mainly composed of the p orbitals of Ga (4p) Sn (5p)
and Se (4p), thus the states on the both sides of the band gap mostly consist of those
from the Ga/Sn-Se group. Since the optical response of a crystal mainly originates
from the electronic transitions between the VB and CB states close to the band gap, 63
the Ga/Sn-Se group determine the optical properties in the crystal.

B. Optical response

The nonlinear and linear optical properties were investigated by the scissors factors
corrected LDA approach and the results are listed in Table 3 and Table 4. As shown,
the largest and the average powder SHG coefficients are 62.91 and 40.06 pm/V
respectively, in good accordance with the experimental results. The birefringence (An)
is 0.1649 at the wavelength of 1.064 um and 0.1473 at 2.090 um, indicating that this
compound is easy to achieve the phase-matching condition in the IR spectral region.
In comparison, the largest SHG coefficient and the birefringence at 1 umand 2 pm for
BaGaxSiSes and BaGa>GeSes are —15.3 pm/V, 0.07, 0.07 and —27.4 pm/V, 0.15, 0.13
respectively. It is interesting that BaGa.SnSes has the largest SHG coefficients and

birefringence in these three compounds, which is mainly because of the (Ga/Sn)Ses
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tetrahedron exhibiting the largest polarizability among the three compounds.

Conclusions

In summary, a quaternary IR NLO chalcogenide BaGa>SnSes has been synthesized
and characterized. Its structure is constructed by corner sharing (Ga/Sn)Ses units with
12-fold coordinated Ba residing in the cavities. The compound exhibits a very strong
NLO response that is ~5.2 times as large as that of the benchmark AgGas: at a laser
radiation of 2.09 pum, and type-1 PM behavior. The NLO response mainly originates
from (Ga/Sn)Ses tetrahedra in the polar arrangement. Clearly, the big difference of
NLO responses among BaGa:SnSes, BaGa>GeSes, and BaGazSiSes revealed the
larger contribution of the heavier and more polarizable center cations to
NLO-property. BaGa2SnSes melts incongruently at a relative low temperature and the
optical band gap is 1.95 eV. Besides, the calculated birefringence of BaGa2SnSes (An
= 0.1649) for conventional 1.064 um pumping laser is sufficiently large to achieve
phase matching. Such a compound may arouse further interest in exploring new IR

NLO materials with Sn or other heavy atoms.
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Fig. captions

Fig. 1. Experimental (red) and simulated (black) X-ray powder diffraction data of
BaGazSnSes.

Fig. 2. (A) Coordination environments of all cations in BaGa.SnSes. (B) A single
(Ga/Sn)3Seg layer perpendicular to the c direction with a single
(Ga/Sn)3Seg group marked by a red circle. (C) Crystal packing structure of
BaGa2SnSes viewed down the b-axis with the unit cell marked.

Fig. 3. The DSC pattern of BaGa2>SnSes.

Fig. 4. Optical reflection spectrum of BaGa2SnSes.

Fig. 5. Phase-matching curves of BaGa2SnSes.

Fig. 6. Oscilloscope traces of SHG signals for BaGaSnSes with AgGaS: as a
reference at a particle size of 105~150 um.

Fig. 7. The total and partial density of states (DOS and PDOS, respectively) of

BaGa,SnSes. Dashed line represents the Fermi energy (Ers).
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Table 1. Crystal data and structure refinement for BaGa2SnSes

BaGa2SnSes
fw 869.23
T (K) 153
a (A 10.1449(14)
c(A) 9.2490(18)
space group R3
V (A%) 824.4(2)
Z 3
pe (g cm®) 5.253
wu(cm) 30.431
R(F)? 0.0228
Ru(Fo?)P 0.0413

REF) = SIFokF/XIFl for Fo? > 20(Fe). "Rul(Fe?) =
(Y[W(Fo? — F2?] / YWFo4}% for all data. wt = 62(Fo?) + (zP)?,

where P = (Max(Fo?, 0) + 2 F¢?)/3z = 0.09.
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Table 2. Selected bond lengths (A) for BaGa2SnSes

Ba-Selx3

Ba—-Sel>=2

Ba-Sel

Ba—-Se2>2

Ba-Se2>x2

Ba-Se2

3.8131(9)
3.6600(7)
3.6601(7)
3.8103(7)
3.8591(9)

3.8102(7)

Ba-Se?21

Ga/Sn-Sel

Ga/Sn-Sel

Ga/Sn-Se2

Ga/Sn-Se2

3.5892(9)
2.4355(7)
2.4373(7)
2.4385(8)

2.4501(7)
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Table 3. The refractive indices and birefringence of BaGa2SnSes.

X (nm) 1064 2090

N 3.2170 3.1077
ny 3.2425 3.1319
n; 3.0776 2.9846

An 0.1649 0.1473
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Table 4. The NLO coefficients of BaGa2SnSes.

NLO coefficients (pm/V)

di1

di2

di3

dis

dis

Powder

SHG

62.91

-9.33

—11.39

—16.55

11.6

die

d22

d23

doa

da3

40.06

—30.66

2.8

36.59

—20.26

50.26
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Fig. 1. Experimental (red) and simulated (black) X-ray powder diffraction data of

ity (a.u.)

Intens

BaGa2SnSes.
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C

Fig. 2. (A) Coordination environments of all cations in BaGa2SnSes. (B) A single
(Ga/Sn)3Sey layer perpendicular to the c¢ direction with a single (Ga/Sn)zSes group
marked by a red circle. (C) Crystal packing structure of BaGa>SnSes viewed down the
b-axis with the unit cell marked.
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Fig. 3. The DSC pattern of BaGa2SnSes.
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Fig. 4. Optical reflection spectrum of BaGa2SnSes.
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Fig. 5. Phase-matching curves of BaGa2SnSes.
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Fig. 6. Oscilloscope traces of SHG signals for BaGa,SnSes with AgGaS: as a

reference at a particle size of 105~150 um.
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Fig. 7. The band structure and the total and partial density of states (DOS and PDOS,

respectively) of BaGa2SnSes. Dashed line represents the Fermi energy (Ex).
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