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Experiment section

X-ray Diffraction. The powder X-ray diffraction patterns were collected by a Bruker
D2 PHASER Powder X-ray diffractometer using Cu Ko radiation (A = 1.54059 A) at
room temperature. The 20 range was set from 10° to 80°and scan was taken at a step
size of 0.01° and a fixed time of 0.5 s. The mercury program was used to calculate
simulated patterns from single-crystal reflection data. The X-ray rocking curves of the
crystals were measured on PANalytical Empyrean high resolution x-ray diffractometer

with Cu Ko radiation (A = 1.54059 A).

UV-vis—NIR. UV—Vis—NIR diffuse transmittance was performed at room temperature
on a computer-controlled Agilent Carry 5000 UV—vis—NIR spectrometer equipped

with an integrating sphere.

Elemental Analysis. The ZGP nanoplate orientated normal to the (001) face with the
size of 50 nm was fabricated by focused ion beam-scanning electron microscopy (FIB-
SEM) system to be measured by a spherical aberration Cs-STEM (Titan Themis Cubed
G2 60-300). The percentage of chemical element content was measured by scanning
transmission electron microscopy equipped with energy dispersive X-ray spectroscopy
(STEM-EDS). To determine the concentrations of magnesium in the doped samples,
glow discharge mass spectrometry (GDMS) measurements were taken using a Nu

instruments-Astrum system which provides a ppb/ppt (weight) level detection limit.

Photoluminescence. In addition, PL spectra were collected on a 1 mm-thick ZGP
crystal using a spectrometer (TR550MST) with a 532 nm laser. The PL data were
obtained from liquid nitrogen using a grating spectrometer and either a PMT (GaAs
response), or Ge detector. Temperature-dependent PL spectra of ZGP crystal were
collected 100 K. All the luminescence dynamics were recorded with a 500 MHz

Tektronix digital oscilloscope.

Electron paramagnetic resonance. The EPR was carried out using a Bruker EMX

PLUS spectrometer operating at the X-band (v = 9.41 GHz). Temperatures in the range



100-300 K were achieved with Oxford Instruments continuous flow cryostats. The

sample temperature 100 K for the Zn vacancy signal.

Theoretical Calculation. The Vienna Ab-initio Simulation Package (VASP) was
employed to perform all the density functional theory (DFT) calculations. The
generalized gradient approximation (GGA) with the Perdew—Buker—Ernzerhof (PBE)
functional was adopted'. The projected augmented wave (PAW) potentials were chosen
to describe the core-electron interactions and take valence electrons into account using
a plane-wave basis set with a kinetic energy cutoff of 400 eV. Partial occupancies of
the Kohn-Sham orbitals were allowed using the Gaussian smearing method and a width
of 0.01 eV. The electronic energy was considered self-consistent when the energy
change was smaller than 10-% eV. The Brillouin zone integration was performed using
2x2x1. On the LOBSTER side??, the original basis set and its basic functions (s, p and
d) manage to reconstruct the PAW electronic structure. To realize a more accurate
description of the bandgap, the Heyd-Scuseria—Ernzerhof (HSE06) hybrid DFT

functional was performed.

Defect formation energy of the charge state ¢ dependent on the Fermi level position

were calculated in accordance with the literature® 7:
AEf(a »q) =E(a q)-E(per)-Anu; + qEg

where E (a ° q) means the total energy calculated from the supercell with defects a in
its charge state ¢, and E (per) is the total energy of the perfect crystal supercells. x; is
the atomic chemical potential of an atom reservoir of element i, An; is the change in the
number of atoms of species i, which has been added (An; > 0) or removed (An; <0). Er

is the Fermi energy referenced to the VBM level.



Table S1. Calculated formation energies of different point defects in ZGP crystals.

Vzn Vp Gez, Gep

Defects formation energy  -3.57¢V -4.48 eV -1.09 eV 2.25¢V

Table S2. Calculated total energy of ZGP and ZGP-Mg supercell structures.

ZGP ZGP-Mg

Total energy -548.99 eV -553.68 eV

Table S3. Calculated cell parameters of ZGP-Vz, and ZGP-Mg structures.

a(A) bA) @) a(°) B ) 7 (®)

ZGP-Vz, 5.54 5.54 10.09 90 90 90

ZGP-Mg 5.49 5.49 10.74 90 90 90

Table S4. Reported absorption coefficients and optical transmittances at 2 um of grown

ZGP crystals.
Absorption Optical
Crystal . .
. Growth  coefficient for transmittance
thickness . Reference
Methods 2.09 um o light at 2um
(mm)
(cm) (%)

1.3 VB2 1.3 45 8

1.5 VB - 46 9

2.5 VB 0.25 49 10

3 VB - 40 11

2 VB 0.12 - 12

3 VB - 49 13

10 VB 0.29 - 14

2 VB - 45 15

4 VB - 47 16

12 HGF® 0.26 - 17

6 VB - 49 18
1 VB 0.02 56 This work
6 VB 0.11 50.5 This work

a: vertical Bridgman technique (VB)
b: horizontal-gradient-freeze (HGF)
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Figure S1. Calculated enlarged optical absorption spectra of the ZGP-V, and ZGP-Mg

structures.

—7ZGP

Intensity (a.u.)

—ZGP-M1
— ZGP-M2
—ZGP-M3

9_9(004) ©)

006 -0.04 -0.02 000 002 004

0.06

Figure S2. Rocking curves of (004) crystallographic plane in magnesium-doped and

undoped ZGP single crystals.
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Figure S3. Rocking curves of (200) crystallographic plane in ZGP-M2 and undoped

ZGP single crystals.
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Figure S4. (a) XRD patterns were obtained from different segments of the ZGP-M2
crystals; (b) The XRD patterns specifically from the middle portions of the ZGP-M1,
ZGP-M2, and ZGP-M3 crystals.
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Figure S5. (a) STEM image, (b) STEM-EDS pattern of a ZGP nanoplate and (c)

corresponding STEM-EDS chemical element maps.
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Figure S6. HAADF-STEM images of a chalcopyrite ZGP-M2 nanoplate and intensity

profiles recorded by scanning along the direction of the ZGP-M2 (001) plane from the

image (yellow line).
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Figure S7. (a) The PL spectra of the samples were recorded at a temperature of 100 K,

covering a wavelength range of 600-900 nm and (b) 900-1700 nm.
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Figure S8. Amplified transmission spectra of ZGP and magnesium-doped ZGP at cut-

off edge region (a) and near-infrared region (b).

Figure S9. Electron localization function maps of (a) ZGP-Vy, structure, and (b) ZGP-
Mg structure.
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Figure S10. The high-resolution XPS spectra of (a) Mg 1s, (b) Zn 2p, (c) Ge 3d and (d)

P 2p orbitals in ZGP-M2 crystal; (e) Zn 2p, (f) Ge 3d and (g) P 2p orbitals in ZGP

crystal.
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