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Experimental Section

Reagents

All the chemicals were obtained from commercial sources and used without further
purification: CuCl (Admas-beta, 98%), Cu (Sinopharm Chemical Reagent, 99.99%), Te
(Aladdin, 99.99%)), and S (Aladdin, 99.95 %). To prevent the possible oxidation of the metal
and the potential deliquescence of the chloride, they are stored in a dry argon-filled glovebox.
Syntheses

Single crystalline samples of Cu;¢Te,sS 3 were successfully synthesized via high-temperature
solid-state reactions. The starting mixtures of CuCl, Cu, Te, and S, in stoichiometric ratios of
1: 2: 1: 3, were weighed and loaded into quartz crucible with an inner diameter of 7 mm.
Following initial mixing, the samples were sealed in an 11 mm inner-diameter silicon tube
using an oxyhydrogen flame under vacuum conditions (1073 Pa). The sealed quartz tubes
were then placed in a muffle furnace with a pre-programmed temperature profile, gradually
heated to 823 K over a period of 10 hours, maintained at this temperature for 50 hours, and
subsequently cooled to 603 K at a controlled rate of 1.5 K/h. The furnace was subsequently
switched off, allowing the samples to naturally cool down to room temperature. Bulk single
crystal samples with a black metallic luster were obtained after being repeatedly washed with
hot water and dried, yielding an approximate crystallization efficiency of 60%.

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) data of CuyoTesS;3 were collected on the MiniFlex600
Rigaku X-ray Diffractometer using Cu Ka radiation (A = 1.54186 A) at room temperature in

the angular range of 20 = 5-70° with a scan step size of 0.02°.
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Energy-dispersive X-ray spectroscopy

Microprobe elemental analysis was carried out with the aid of a field-emission scanning
electron microscope (JSM6700F) outfitted with an energy-dispersive X-ray spectroscope
(Oxford INCA).

Spectroscopic measurements

IR spectrum was carried out on a Magna 750 FT-IR spectrometer using air as background in
the range of 4000400 cm™! with a resolution of 2 cm™! at room temperature. The UV-vis-
NIR spectrum was obtained in the range of 2000-200 nm by a PerkinElmer Lambda 900
spectrophotometer using BaSQO, as the reference, and the reflection spectrum were converted
into an absorption spectrum using the Kubelka-Munk function.! Absorption data was
calculated from the diffuse reflection data by the Kubelka-Munk function: o/S = (1-R)?/2R,
where a and S represent the absorption coefficient and the scattering coefficient, respectively.
The band gap value can be given by extrapolating the absorption edge to the baseline in the
a/S vs. energy graph.

Thermogravimetric analyses

Thermogravimetric analyses (TGA) were measured by NETZSCH STA 499C installation.
The samples about 5.0-10.0 mg were placed in alumina crucibles and heated in 293-1293 K
at a rate of 20 K/min under N, atmosphere.

Powder SHG measurements

The powder SHG property measurement was investigated by Kurtz-Perry method using a Q-
switched laser radiation.? The laser radiation at 2900 nm was selected as the laser sources and
AgGaS, were measured as the benchmark, respectively. Samples of Cu;oTesS;3 and AgGaS,

4
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were ground and sieved into different granule sizes (30—45, 4575, 75—100, 100—150, and
150-210 pm) for the phase matching measurements. The SHG signals were detected via
photomultiplier tube and oscilloscope.

Single-crystal X-ray diffraction

Single crystal X-ray diffraction data were obtained on the Rigaku Oxford X-ray
diffractometer XtaLAB Synergy-R-Mo (A = 0.71073 A) at 293K. Data reduction and cell
refinement and were performed with CrysAlisPro. The structure was solved by the direct
methods and refined by full-matrix least-squares fitting on F? using OLEX2-1.5
crystallographic software package.®> All atoms were refined with anisotropic thermal
parameters. The structural data were also checked by PLATON and no higher symmetry was
found. The detailed crystallographic data for Cu;oTesS;3 were given in Table S1. The bond
lengths, calculated bond valences and bond angles were listed in Table S3 and Table S4,
respectively.

Computational Method

The DFT calculations have been performed using the Vienna ab initio simulation package
(VASP)*6 with the Perdew-Burke-Ernzerhof (PBE)’ exchange correlation functional. The
projected augmented wave (PAW)® potentials with the valence states 4s, 4p and 3d for Cu, 5s
and 5p for Te, 3s and 3p for S, respectively, have been used. A I'-centered 7%7x5 Monkhorst-
Pack grid for the Brillouin zone sampling® and a cutoff energy of 650 eV for the plane wave
expansion were found to get convergent lattice parameters. The linear and nonlinear optical
calculation was performed in the condition of a Monkhorst-Pack k-point mesh of 5x7x7. To

avoid the underestimation of the semiconductor band gap inherent in PBE-based calculations,
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we employed the Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid density functional
method to obtain the electronic structures. Additionally, the spin—orbit coupling (SOC) of
Te*" in CuqoTesS,3 was included.

The imaginary part of the dielectric function due to direct inter-band transitions is given

by the expression:

) =275 [l

2
u-rly; )| O(E; —E; ~ E)
0 kv,
where Q, w, u, v and c are the unit-cell volume, photon frequencies, the vector defining
the polarization of the incident electric field, valence and conduction bands, respectively. The

real part of the dielectric function is obtained from &, by a Kramers-Kronig transformation:

i a),zgz (w)

2 2
" —w

2 400
& () :1+(—)j dw
T 0
The refractive index n(®) can be obtained based on €, and &;.
In calculation of the static ¥® coefficients, the so-called length-gauge formalism!? derived
by Aversa and Sipe!! and modified by Rashkeev et al'? is adopted, which has proven to be
successful in calculating the second order susceptibility for semiconductors and insulators. In

the static case, the imaginary part of the static second-order optical susceptibility can be

expressed as:

a b..c c..b
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where 7 is the position operator, iw,,, = hw, - hw,, 1s the energy difference for the bands

m and n, f,,, = f.. - f» 1s the difference of the Fermi distribution functions, subscripts a, b, and ¢
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are Cartesian indices, and ?,,., is the so-called generalized derivative of the coordinate

operator in k space,

a b b a .
re A +r) A I
b _ "nm™ mn nm' " mn a b b_.a
Voma = + x Z (a)lm rnl rlm a)nl I/;zl rlm
a)nm a)nm /

where 49, = (p%n - p*um ) / m is the difference between the electronic velocities at the
bands » and m.

As the nonlinear optical coefficients is sensitive to the momentum matrix, much finer k-
point grid and large amount of empty bands are required to obtain a convergent y(?
coefficient. The y® coefficients here were calculated from PBE wave functions and a scissor
operator has been added to correct the conduction band energy (corrected to the experimental
gap), which has proven to be reliable in predicting the second order susceptibility for

semiconductors and insulators.
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Element Weight % Atomic %

S 2501 47.21
Cu 40.86 3757
Te 33.24 15.22

Total 100.00 100.00
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Figure S1. The energy-dispersive X-ray spectroscopy for Cu;oTesSs.

Figure S2. SEM images of Cu;¢TesS;3 and its elemental distribution mapping.
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Figure S3. The coordination modes of S for Cu;gTe4S;s.
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Figure S4. The experimental band gap of Cu;gTe,S;s.
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Figure SS. Electronic band structure of Cu;¢TesS3: (a) PBE without spin-orbit coupling, (b)

PBE with spin-orbit coupling, and (c) HSE calculation.
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Table S1. Crystal data and structure refinement for Cu;oTesS:s.

molecular formula CuyoTesSy3
Formula Weight 1562.58
crystal system cubic
space group 143m
Temperature(K) 293(2)
F(000) 1412.0
a/A 10.26090(10)
b/A 10.26090(10)
c/A 10.26090(10)
a(deg) 90
P(deg) 90
v(deg) 90
V/A3 1080.33(3)
Z 2
Dc(g.cm) 4.804
GOF on F? 1.231
Flack factor -0.002(16)
R, WwR,[I > 26(I)]“ 0.0141, 0.0306
R1, wR; (all data)* 0.0141, 0.0306

“Ry = YIFo| - |Fll/2|Fol, wRy = {ZW[(FO)Z - (FC)Z]Z/ZW[(FO)Z]Z} 12

11
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Table S2. Fractional atomic coordinates (x10%) and equivalent isotropic displacement

parameters (A2x103) for Cu;oTesS 3.

Atom Wyckoff X y z Ueq(A)
Tel 8¢ 7603.4(3) | 2396.6(3) | 2396.6(3) 14.3(2)
Cul 12d 10000 2500 5000 24.2(4)
Cu2 12e 7128(2) 5000 5000 28.7(4)
CujoTesSy3
S1 24g 8597.1(11) | 3879.5(11) | 3879.5(11) | 15.2(4)
S2 2a 5000 5000 5000 21.4(9)

Ueq 1s defined as one third of the trace of the orthogonalized Uj; tensor.

Table S3. The bond lengths (A), calculated bond valence sums and global instability index(G)

values for Cu;oTesS;s.

Compound Atom Bond Bond-length Bond- BVS G

valence
Cul-S1 2.3233(7) 0.2858
Cul-S1#3 2.3233(7) 0.2858

Cul 1.1432
Cul-S1#4 2.3233(7) 0.2858
Cul-S1#5 2.3233(8) 0.2858
Cu2-S1 2.2173(18) 0.3807

Cu2 Cu2-S2 2.183(2) 0.4175 1.1789
Cu2-S1#6 | 2.2173(18) 0.3807
Tel-S1 2.3812(13) 1.2043

CU10T64813 0.20

Te Tel-S1#1 2.3812(13) 1.2043 3.6129
Tel-S1#2 2.3812(13) 1.2043
S1-Tel 2.3812(13) 0.2445
S1-Cul 2.3233(7) 0.2858

S1 1.1968
S1-Cu2 2.2173(18) 0.3807
S1-Cul#7 2.3233(7) 0.2858
S2-Cu2 2.183(2) 0.4175

S2 2.5050
S2-Cu2#8 2.183(2) 0.4175

12
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S2-Cu2#9 2.183(2) 0.4175
S2-Cu2#10 2.183(2) 0.4175
S2-Cu2#1 2.183(2) 0.4175
S2-Cu2#11 2.183(2) 0.4175

Symmetry transformations used to generate equivalent atoms: #1 1-Y,+Z,1-X; #2 1-Z,1-
X, +Y; #3 3/2-Y,1/2-Z,-12+X; #4 1/2+Y,1/2-7,3/2-X; #5 2-X +Y,1-Z; #6 +X,1-Y,1-Z;

13
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Table S4. The bond angles (deg.) for Cu;gTesS;3.

CuyoTesS;3
S1#1-Tel-S1#2 97.98(5) S1#4-Cul-S1#5 111.79(3)
S1#1-Tel-S1 97.98(5) S1#5-Cul-S1 111.79(3)
S1#2-Tel-S1 97.98(5) S1#4-Cul-Sl1 104.93(6)
S1#3-Cul-Sl1 111.79(3) S1-Cu2-S1#6 94.33(12)
S1#4-Cul-S1#3 111.79(3) S2-Cu2-S1#6 132.83(6)
S1#5-Cul-S1#3 104.93(6) S2-Cu2-S1 132.83(6)

Symmetry transformations used to generate equivalent atoms: #1 1-Y,+Z,1-X; #2 1-Z,1-
X, +Y; #3 3/2-Y,1/2-Z,-12+X; #4 1/2+Y,1/2-2,3/2-X; #5 2-X,+Y,1-Z; #6 +X,1-Y,1-Z;

Table S5. Bond and atomic Mulliken population (MP) of Cu;¢TesS;5 (CTS) and AgGaS,

(AGS).
|
Bond MP Length (A) |  Atom MP  Charge (e)

Cu(1)-S(1) 0.38 232329 : Cu(l) 1091  0.09

Cu(2)-S(1) 0.56 221723 | Cu@ 1097 0.3

CTS Cu(2)-8(2) 0.30 2.18352 : Te 514 086

Te-S(1) 0.32 238120 1 S(1) 631  -031

L 8(2) 6.46 -0.46

Ag-S 0.29 2.60513 : Ag 18.98 0.02

AGS Ga-S 0.42 2.23581 I Ga 12.18 0.82

i S 6.42 -0.42

14
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Table S6. A comparison of transparency range between CujoTesS;3 and some typical IR

NLO materials.
Compound Space group Trrzgggezr:;(;y References
AgGaS, 1424 0.48-11.4 13
AgGaSe, 424 0.76-17 13
ZnGeP, 1424 0.74-12 13
AgGaTe, 424 0.91-23 14
Sn,Ga,Ss Pna2, 0.57-13.8 15
BaGa,S, Pmn2, 0.35-13.7 16
[BasCly][ZnGasS 0] 4 0.29-13.7 17
[CsBa;CL][GasS1o] 4 0.31-12.5 18
Nd3[Ga3;05S;][Ge,0-] P62¢ 0.25-13.7 19
Ag,GeS; Cme2, 0.59-12.95 20
Sr,HgGe,0S; P42m 0.33-14.4 21
SrCdGe,0S¢ P42,m 0.34-12.0 22
SrGeOSe, P2,2,2, 0.38-12.6 23
SrCdSiS, Ama2 0.33-18.2 24
Cd4SiSe Ce 0.45-17.6 25
Cd,SiSeq Ce 0.64-20.3 25
CuHgPS, Pna2, 0.54-16.7 26
CuZnPS, 42m 0.41-16.5 27
RbBiP,Ss P2, 0.5-15.0 28
Hg,P,Sei, P1 0.84-22.8 29
Ba,SnSSi,0, P4bm 0.27-11.14 30
Hg;AsS,Cl P6smc 0.52-13.7 31
Hg3AsS,Br P6ymc 0.51-14.2 31
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CuyoTesSt3 A3m 0.84-25 this work

Table S7. A summary of SHG effect and IR cutoff edge between CugTesS;3 and some
typical IR NLO materials, including those with stereochemically active lone pair (SCALP)

units and containing Cu*, with AgGaS; used as the reference.

Compound Space group (x AS;G(zsz)a IR Cu(t:l)g)edge References
AgGa$S, 424 1 11.4(S)° B
Bay(BS;)(SbSs) Po2m 3 11(P)° 2
Sn,Ga,S;s Pna?2, 0.8 13.8(S) 15
RbPbPS, P2,2:2, 1.4 18.1(S) 33
Hg;AsS,Cl P6smc 1.9 13.7(P) A
Hg;AsS,Br P63yme 2.6 14.2(P) 31
KCusAsS, P2, 1.0 >25(P) 3“
RbCu,AsS, P2, 0.9 >25(P) >
CsMnAs;S R3 0.7 23.5(P) 33
RbMnAs;Se R3 0.6 23.5(P) 35
RbCuGagS1o Ce 1.5 20(P) %
CsCuGagS o Cc 1.8 20(P) 36
CusZnGe,S, C2 0.6 25(P) 37
CuyCdGe,S; C2 0.05 25(P) 37
CuZnPS, 42m 3 16.5(S) o

CuyoTesSis 143m 1.05 >25(S) this work

aThis refers to data for particles in the size range of 70—110 pm;
b This refers to single crystal data;
¢ This refers to powder sample data.

16
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