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Chemicals

Cesium chloride (CsCl, 99.99%) and cuprous chloride (CuCl 99.99%) were
purchased from Aladdin Chemistry Co. Ltd. Antimonous chloride (SbCls, 99.9%) was
purchased from Damas-beta (Shanghai) Chemistry Co. Ltd. Hydrochloric acid (HCI,
38% in water by weight) was purchased from Chengdu Kelong Chemical Reagent Co.,
Ltd. Dimethyl sulphoxide (DMSO) and N, N-Dimethylformamide (DMF) was from
Aladdin Chemistry Co. Ltd. All solvents and chemicals were used without any further
purification. Deionized water with a resistivity of 18.3 MQecm was used to prepare an
aqueous solution throughout the experiment.
Characterization methods
Spectroscopic measurements

The UV-vis-NIR absorption spectra were collected on a TU-1810
spectrophotometer (Beijing Purkinje General Instrument, China). The UV-vis diffuse
reflectance spectra were collected using a Shimadzu UV Probe 2600 (pure BaSO, as
the background). Femtosecond transient absorption (TA) experiments were conducted
on Helios transient absorption spectrometer (Ultrafast Systems), employing the
regenerative amplifier (<110 fs, 1 kHz, 800 nm) (Coherent Legend Elite) as laser source
seeded by a Coherent Chameleon oscillator (75 fs, 80 MHz). The supercontinuum white
probe pulses at the range of 330-600 nm, 425-800 nm, and 850-1600 nm were generated
on CaF,, sapphire, and YAG crystals excited by the small portion 800-nm laser beam
from the amplifier with appropriate beam intensity. The 350-nm pump pulses were

generated from a Light Conversion OPerA-Solo optical parametric amplifier (285-2600



nm), and 400-nm pump pulses were generated from the main portion 800-nm laser
beam through the SHG effect of the BBO crystal. To prevent the dipole-dipole
interactions between the excited molecules and the probe light, the polarization of the
pump and probe was set at the magic angle (54.7°) when 350-nm pump pulses as the
pump beam. The data analysis was conducted using Surface Xplore software that comes
with Helios (Ultrafast Systems, LLC).

Z-scan measurements

The Z-scan setup comprises a Q-switched Nd: YAG laser (Continuum, Model
Surelite SL-I1-10), optical elements and photodetectors. The laser has two output
wavelengths of 532 nm and 1064 nm, with an FWHM of ~4 ns and a repetition rate of
10 Hz. The temporal and spatial profiles of the output pulses were customized with an
approximately Gaussian distribution. The radius of the optical spot at the focus point
was about 30 um.

I-scan measurements

With the same Z-scan setup, but the sample is fixed at the focus position of the optical
path of the apparatus. The normalized transmittance of the sample as a function of the
input fluence (energy) is measured by using a 532 nm laser output. The detailed setup
was described in our previous work.!?
Other characterizations

Powder X-ray diffraction (XRD) patterns of the products were recorded on a
Panalypical X’ Pert PRO diffractometer using Cu K o X-rays between 5° and 90°. The

morphology of samples was obtained on field-emission scanning electron microscopy



(FE-SEM, Hitachi S4800) at an accelerating voltage of 5.0 kV. X-ray photoelectron
spectroscopy (XPS) was performed on an AXIS Ultra. The thermogravimetric analysis
(TGA) was performed on a Linseis PT 1600 in the temperature interval 25-850 °C at a
ramping rate of 20 °C min! under N, atmosphere.

O-Switched mode-locking experiment

A clear solution was formed by dissolving Smg Cs4CuSb,Cl;; crystals in 1.5 mL
dimethyl sulfoxide (DMSO), and the Cs;CuSb,Cl;, saturable absorber (SA) was
obtained by spin-coating onto a gold mirror and annealing at 110°C for 30 min. A ring
cavity was adopted, which was comprised of a fiber combiner, a 5-m-long segment of
Yb-doped double-clad fiber (10/125 pm core/clad, absorption of 4.95 dB/m @976 nm,
Nufern Co.), a fiber circulator, a 20/80 fiber coupler (80% recoupled to the cavity) and
the as-fabricated Cs,CuSb,Cl;; SA. A 976 nm laser diode (Bwt-bj Co.) was used as the
pump source. The pump light was coupled into the Yb-doped fiber through the fiber
combiner. The fiber circulator ensures unidirectional light propagation in the ring cavity
with a definite light propagation direction. The port-pigtail of the circulator was cleaved
perpendicularly and positioned in close proximity to the Cs4;CuSb,Cl;,-SA for light
modulation and feedback. A power meter (Thorlabs, PM320E), spectrometer
(SIR5000, Ocean Optics) and real-time oscilloscope (500 MHz, Tektronix, TDS3052B)
in combination with a photodetector (10 GHz, Newport) were used to measure the laser
output power, spectra, and temporal pulses, respectively. The spectrum was recorded

by an infrared spectrometer (AQ4037, YOKOGAWA) with a resolution of 0.1 nm.
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Figure S1. The EDS spectrum of the Cs,CuSb,Cl;, crystal.
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Figure S2. The XPS survey spectra of the Cs4CuSb,Cl;, crystal.
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Figure S3. The schematic illustration of the preparation procedure of the

CS4CUSb2C112 thin film.



Figure S4. (a) The SEM image and (b) the cross-sectional SEM image of the

Cs4CuSb,Cly, thin film with different resolution. The thickness of pristine
Cs4CuSb,Cly; films is ~4 pm.
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Figure S5. The XRD spectra of the Cs4;CuSb,Cl;; thin film after two months.
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Figure S6. The absorbance evolution of the Cs4CuSb,Cl; thin film over a long

period of more than two months.
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Figure S7. The normalized transmittance of the sample as a function of the

input fluence measured by using a 532 nm laser output.

The numerically fitting of Z-scan curves

The Z-scan data were fitted to the nonlinear transmission equation using a sum of

two nonlinear absorptions with opposite signs:

)
a(l) = ; + GBI
1+ —
I

S

where a(I) is the total nonlinear absorption coefficient, a0 is the linear absorption
coefficient, B is the negative nonlinear absorption coefficient, I is the incident laser
intensity, and Is is the saturation intensity, which is defined as the laser intensity at

which o, drops to 50% of its initial value.



Table S1 The summary of the fitted nonlinear optical parameters for the Cs,CuSb,Cl;,

thin film.

Samples Maser (NM) E (nJ) T B (m/W) Is (W/m?)

532 0.7 0.63 -1.8x107 21.0x10'0

532 0.9 0.63 -1.7x107 9.0x10'0

532 1.2 0.63 -1.6x107 8.9x1010

Cs4CuSb,Cly; 532 1.4 0.63 -1.4x107 9.2x1010

532 1.8 0.63 -1.2x107 9.6x1010

1064 0.5 0.51 -6.8x107 4.3x1010

1064 1.4 0.51 -2.1x107 9.0x1010

Table S2 A comparison of nonlinear absorption coefficients of the Cs4CuSb,Cl;,

thin film with that of other materials

Sample Wazfsi:;l)lgth B (m/W) Is(W/cm?) References
MAPbI3/ZnP2 515 -2.4x10° 1.27x101° 3
Cs,AgBiBry(D) 800 -7.1x108 NA 4

Au-CsPbBr; 800 -2.3x108 NA 3
MAPbI; 1028 -5.0x107 NA 6
CsPbBr; 1060 -6.7x1013 NA 7

CH;NH;PbI; 1064 -2.3x108 NA 8

ﬁ:ﬂg%ﬁf 570 4.5%107 2.1x1012 9
CsPbBr; QD 515 -3.5x10-12 1.1x1010 10

Bi 1064 -3.9x10-10 NA 1
Cs4CuSh,Cly, 532 -1.8x107 9.6x1010 This work
Cs4CuSb,Cly, 1064 -6.8x107 9.0x1010 This work




Table S3 The extracted TA lifetime components of the Cs4;CuSb,Cl;; crystal.

Sample Wavelength 11(Al1) 1, (A2) 13 (A3)
Cs4CuSb,Cly, 474 931 fs (39.0%) 283 ps (26.5%) >ns (34.5%)
605 822 5 (54.1%) 54.0 ps (27.5%) > s (18.4%)

Table S4 Performance comparison of the Yb-doped fiber laser with different SAs.

SA Wavdength g nll ower power  effiency  cos |
Ag/Mxene 1029.9 nm 4.9 us 65 mW 1.6 mW NA 12
GaAs 1029.5 nm 4 ns 21.0 W 500 mW 6.3% 13
nan(i)%ates 1033.3 nm 1.01 ps 600 mW 10.77 mw 2.7% 14
BP 1060.1 nm 4.21 ps 400 mW 9.95 mW 12.43% 15
BiyTe; 1046.2 nm 370 ns 54W 57 mW 3.8% 16
Cu;sS NCs 1567.2 nm 2 ps 5.6 W 61.1 mW 1.0% 17
BiOCl 1046.7 nm 171.2 ns 280 W 1.8 W 10.9% 18
Cs,WO;3 1030.0 nm 20.5 ns 160 mW 6.6 mW 5.0% 19
GaS 1066.9 nm 10 ps 950 mW 13.72 mW 1.8% 20

Cs4CuSb,Cly; 1077.7 nm 2.1 ps 1.8 W 112 mW 10.7% ;‘(l:'ls(
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