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NITROGEN VACANCY CENTERS IN DIAMOND 	Comment by Schoenung, Julie M: It is common to include a list of contents for long SI documents, which would fill this page, and start the tables on page 2.

Table S1: Fabrication inventory calculations for nitrogen vacancy (NV) centers in diamond chip via ion implantation defect engineering technique.1, 2, 3, 4, 5, 6
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Diamond 
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	Ion Implantation
	Ion source, ion implanter, and accelerator

	Substrate growth 
	MPCVD* (150 m/h), 900 oC, 100 Torr, CH4/H2
	Microwave generation = 4 kW x 5 h = 20 kWh
Plasma source = 1 kW x 5 h = 5 kWh
CVD chamber = 0.5 kW x 5 h = 2.5 kWh
Furnace = 2 kW x 5 h = 10 kWh 
Vacuum pumping = 0.1 kW x 1 h = 0.1 kWh
CH4 = 2% (500 sccm x 5 h) = 3 L = 2.15 g
H2 = 98% (500 sccm x 5 h) = 147 L = 13.22 g

	Ion implantation
	N+ ions, 1013 ions/cm2
	N2+ = 1013 ions/cm2 x 1 cm2 = 1013 ions   0.5 ng
Implanter = 80 kW x 1 h = 80 kWh 

	Post-defect processing
	Thermal annealing (1200 oC, Ar)
	Furnace = 5 kW x 3 h = 15 kWh 
Ar = 25 sccm x 3 h = L = 8 g

	
	Reactive ion etching (Ar/Cl2 plasma)
	Ar = 25 sccm x 10 min  0.5 g
Cl2 = 25 sccm x 10 min  0.8 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HNO3/H2SO4 acids)
	HNO3 = 100 mL = 141 g 
H2SO4 = 100 mL = 184 g

	
	Atomic layer deposition (Al2O3/HfO2 layers)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
HfO2 (5 nm) = 9.68 g/cm3 x 5 x 10-7 cm3  4.84 g
Furnace = 2 kW x 5 min = 0.17 kWh

	
	E-beam evaporation (Ti/Au gates)
	Ti (5 nm)  0.0025 mg
Au (150 nm)  0.29 mg
Furnace = 5 kW x 3.3 h  16.5 kWh.


* MPCVD = Microwave Plasma Chemical Vapor Deposition
Table S2: Fabrication inventory calculations for nitrogen vacancy (NV) centers in diamond chip via e-beam irradiation defect engineering technique.7, 8, 9, 10, 11
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Diamond 
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	E-beam irradiation
	Electron gun, accelerator, vacuum system

	Substrate growth 
	MPCVD* (150 m/h), 900 oC, 100 Torr, CH4/H2
	Microwave generation = 4 kW x 5 h = 20 kWh
Plasma source = 1 kW x 5 h = 5 kWh
CVD chamber = 0.5 kW x 5 h = 2.5 kWh
Furnace = 2 kW x 5 h = 10 kWh 
Vacuum pumping = 0.1 kW x 1 h = 0.1 kWh
CH4 = 2% (500 sccm x 5 h) = 3 L = 2.15 g
H2 = 98% (500 sccm x 5 h) = 147 L = 13.22 g

	E-beam irradiation
	Electrons, 1013 e/cm2
	Accelerator = 20 kW x 1 h = 20 kWh 

	Post-defect processing
	Thermal annealing (1200 oC, Ar)
	Furnace = 5 kW x 3 h = 15 kWh 
Ar = 25 sccm x 3 h = L = 8 g

	
	Reactive ion etching (Ar/Cl2 plasma)
	Ar = 25 sccm x 10 min  0.5 g
Cl2 = 25 sccm x 10 min  0.8 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HNO3/H2SO4 acids)
	HNO3 = 100 mL = 141 g 
H2SO4 = 100 mL = 184 g

	
	Atomic layer deposition (Al2O3/HfO2 layers)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
HfO2 (5 nm) = 9.68 g/cm3 x 5 x 10-7 cm3  4.84 g
Furnace = 2 kW x 5 min = 0.17 kWh

	
	E-beam evaporation (Ti/Au gates)
	Ti (5 nm)  0.0025 m g
Au (150 nm)  0.29 mg
Furnace = 5 kW x 3.3 h  16.5 kWh.


* MPCVD = Microwave Plasma Chemical Vapor Deposition
Table S3: Fabrication inventory calculations for nitrogen vacancy (NV) centers in diamond chip via Laser writing defect engineering technique.12, 13, 14, 15, 16
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Diamond 
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	Laser writing
	Laser source, chillers, chamber

	Substrate growth 
	MPCVD* (150 m/h), 900 oC, 100 Torr, CH4/H2
	Microwave generation = 4 kW x 5 h = 20 kWh
Plasma source = 1 kW x 5 h = 5 kWh
CVD chamber = 0.5 kW x 5 h = 2.5 kWh
Furnace = 2 kW x 5 h = 10 kWh 
Vacuum pumping = 0.1 kW x 1 h = 0.1 kWh
CH4 = 2% (500 sccm x 5 h) = 3 L = 2.15 g
H2 = 98% (500 sccm x 5 h) = 147 L = 13.22 g

	Laser writing
	Femtosecond laser, 800 nm 
	Laser source = 4 kW x 1 h = 4 kWh
Chillers = 0.2 kW x 1 h = 0.2 kWh 
Chillers (cooling water) = 6 L

	Post-defect processing
	Thermal annealing (1200 oC, Ar)
	Furnace = 5 kW x 3 h = 15 kWh 
Ar = 25 sccm x 3 h = L = 8 g

	
	Reactive ion etching (Ar/Cl2 plasma)
	Ar = 25 sccm x 10 min  0.5 g
Cl2 = 25 sccm x 10 min  0.8 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HNO3/H2SO4 acids)
	HNO3 = 100 mL = 141 g 
H2SO4 = 100 mL = 184 g


* MPCVD = Microwave Plasma Chemical Vapor Deposition

Table S4: Fabrication inventory calculations for nitrogen vacancy (NV) centers in diamond chip via heteroepitaxial growth and in-situ doping defect engineering technique.17, 18, 19, 20
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Diamond 
	Chip dimensions 10 mm x 10 mm x 0.70 mm
Thin film doped diamond 50 m

	Defect engineering 
	Heteroepitaxial growth and in-situ doping
	MPCVD, in-situ doping of N

	Substrate growth 
	MPCVD* (150 m/h), 900 oC, 100 Torr, CH4/H2
	Microwave generation = 4 kW x 4.67 h = 18.68 kWh
Plasma source = 1 kW x 4.67 h = 4.67 kWh
CVD chamber = 0.5 kW x 4.67 h = 2.34 kWh
Furnace = 2 kW x 4.67 h = 9.34 kWh 
Vacuum pumping = 0.1 kW x 1 h = 0.1 kWh
CH4 = 2% (500 sccm x 4.67 h)  2.01 g
H2 = 98% (500 sccm x 4.67 h)   12.34 g

	Heteroepitaxial growth and in-situ doping
	MPCVD (5 m/h), 900 oC, 100 Torr, CH4/H2/N2
	Microwave generation = 4 kW x 10 h = 40 kWh
Plasma source = 1 kW x 10 h = 10 kWh
CVD chamber = 0.5 kW x 10 h = 5 kWh
Furnace = 2 kW x 10 h = 20 kWh 
Vacuum pumping = 0.1 kW x 1 h = 0.1 kWh
CH4 = 2% (500 sccm x 10 h)  4.3 g
H2 = 98% (500 sccm x 4.67 h)   26.8 g
N2 = 5 sccm x 10 h  0.13 g

	Post-defect processing
	Reactive ion etching (Ar/Cl2 plasma)
	Ar = 25 sccm x 10 min  0.5 g
Cl2 = 25 sccm x 10 min  0.8 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HNO3/H2SO4 acids)
	HNO3 = 100 mL = 141 g 
H2SO4 = 100 mL = 184 g

	
	Atomic layer deposition (Al2O3/HfO2 layers)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
HfO2 (5 nm) = 9.68 g/cm3 x 5 x 10-7 cm3  4.84 g
Furnace = 2 kW x 5 min = 0.17 kWh

	
	E-beam evaporation (Ti/Au gates)
	Ti (5 nm)  0.0025 mg
Au (150 nm)  0.29 mg
Furnace = 5 kW x 3.3 h  16.5 kWh.


* MPCVD = Microwave Plasma Chemical Vapor Deposition


DIVACANCY CENTERS IN SILICON CARBIDE

Table S5: Fabrication inventory calculations for divacancy (VV) centers in SiC chip via ion implantation defect engineering technique.21, 22, 23
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Silicon carbide (4H-SiC) 
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	Ion Implantation
	Ion source, ion implanter, and accelerator

	Substrate growth 
	PVT* (37.5 m/h), 2500 oC
	Furnace = 10 kW x 20 h = 200 kWh 
Vacuum pumping = 0.5 kW x 20 h = 10 kWh
Ar = 500 sccm x 20 h  1070.4 g
SiC (seed) = 0.24 g

	Ion implantation
	He+ ions, 1013 ions/cm2
	He+ = 1013 ions/cm2 x 1 cm2 = 1013 ions   0.07 ng
Implanter = 80 kW x 1 h = 80 kWh 

	Post-defect processing
	Thermal annealing (1300 oC, Ar)
	Furnace = 5 kW x 0.5 h = 2.5 kWh 
Ar = 100 sccm x 0.5 h  4.8 g

	
	Reactive ion etching (O2 plasma)
	O2 = 25 sccm x 10 min  0.5 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HF/H2O2 acid)
	HF = 50 mL = 57.5 g 
H2O2 = 50 mL = 15 g

	
	Atomic layer deposition (Al2O3 layer)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
Furnace = 2 kW x 5 min = 0.17 kWh

	
	E-beam evaporation (Cr/Au gates)
	Cr (5 nm)  0.003 mg
Au (150 nm)  0.29 mg
Furnace = 5 kW x 3.3 h  16.5 kWh.


* PVT = Physical Vapor Transport



Table S6: Fabrication inventory calculations for divacancy (VV) centers in SiC chip via e-beam irradiation defect engineering technique.24, 25, 26, 27
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Silicon carbide (4H-SiC) 
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	E-beam irradiation
	Electron gun, accelerator, vacuum system

	Substrate growth 
	PVT* (37.5 m/h), 2500 oC
	Furnace = 10 kW x 20 h = 200 kWh 
Vacuum pumping = 0.5 kW x 20 h = 10 kWh
Ar = 500 sccm x 20 h  1070.4 g
SiC (seed) = 0.24 g

	E-beam irradiation
	Electrons, 1013 e/cm2
	Accelerator = 20 kW x 1 h = 20 kWh 

	Post-defect processing
	Thermal annealing (1300 oC, Ar)
	Furnace = 5 kW x 0.5 h = 2.5 kWh 
Ar = 100 sccm x 0.5 h  4.8 g

	
	Reactive ion etching (O2 plasma)
	O2 = 25 sccm x 10 min  0.5 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HF/H2O2 acid)
	HF = 50 mL = 57.5 g 
H2O2 = 50 mL = 15 g

	
	Atomic layer deposition (Al2O3 layer)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
Furnace = 2 kW x 5 min = 0.17 kWh

	
	E-beam evaporation (Cr/Au gates)
	Cr (5 nm)  0.003 mg
Au (150 nm)  0.29 mg
Furnace = 5 kW x 3.3 h  16.5 kWh.


* PVT = Physical Vapor Transport

Table S7: Fabrication inventory calculations for divacancy (VV) centers in SiC chip via laser writing defect engineering technique.28, 29, 30, 31, 32
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Silicon carbide (4H-SiC) 
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	Laser writing
	Laser source, chillers, chamber

	Substrate growth 
	PVT*  (37.5 m/h), 2500 oC
	Furnace = 10 kW x 20 h = 200 kWh 
Vacuum pumping = 0.5 kW x 20 h = 10 kWh
Ar = 500 sccm x 20 h  1070.4 g
SiC (seed) = 0.24 g

	Laser writing
	Femtosecond laser, 1030 nm 
	Laser source = 5 kW x 1 h = 5 kWh
Chillers = 0.2 kW x 1 h = 0.2 kWh 
Chillers (cooling water) = 6 L

	Post-defect processing
	Thermal annealing (1300 oC, Ar)
	Furnace = 5 kW x 0.5 h = 2.5 kWh 
Ar = 100 sccm x 0.5 h  4.8 g

	
	Reactive ion etching (O2 plasma)
	O2 = 25 sccm x 10 min  0.5 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HF/H2O2 acid)
	HF = 50 mL = 57.5 g 
H2O2 = 50 mL = 15 g

	
	Atomic layer deposition (Al2O3 layer)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
Furnace = 2 kW x 5 min = 0.17 kWh

	
	E-beam evaporation (Cr/Au gates)
	Cr (5 nm)  0.003 mg
Au (150 nm)  0.29 mg
Furnace = 5 kW x 3.3 h  16.5 kWh.


* PVT = Physical Vapor Transport


Table S8: Fabrication inventory calculations for divacancy (VV) centers in SiC chip via heteroepitaxial growth defect engineering technique.33, 34, 35
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Silicon carbide (4H-SiC) 
	Chip dimensions 10 mm x 10 mm x 0.70 mm
Thin film 50 m with divacancies

	Defect engineering 
	Heteroepitaxial growth
	PVT, no in-situ doping

	Substrate growth 
	PVT*  (37.5 m/h), 2500 oC
	Furnace = 10 kW x 18.7 h = 187 kWh 
Vacuum pumping = 0.5 kW x 18.7 h = 9.35 kWh
Ar = 500 sccm x 18.7 h  1001.4 g
SiC (seed) = 0.21 g

	Heteroepitaxial growth
	PVT (5 m/h), 2500 oC
	Furnace = 10 kW x 10 h = 100 kWh 
Vacuum pumping = 0.5 kW x 10 h = 5 kWh
Ar = 500 sccm x 10 h  267.6 g
SiC (seed) = 0.015 g

	Post-defect processing
	Reactive ion etching (O2 plasma)
	O2 = 25 sccm x 10 min  0.5 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HF/H2O2 acid)
	HF = 50 mL = 57.5 g 
H2O2 = 50 mL = 15 g

	
	Atomic layer deposition (Al2O3 layer)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
Furnace = 2 kW x 5 min = 0.17 kWh

	
	E-beam evaporation (Cr/Au gates)
	Cr (5 nm)  0.003 mg
Au (150 nm)  0.29 mg
Furnace = 5 kW x 3.3 h  16.5 kWh.


* PVT = Physical Vapor Transport














BORON VACANCY CENTERS IN HEXAGONAL BORON NITRIDE

Table S9: Fabrication inventory calculations for boron vacancy (VB) centers in hexagonal boron nitride (h-BN) chip via ion implantation defect engineering technique.36, 37, 38, 39
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Hexagonal boron nitride (h-BN) 
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	Ion Implantation
	Ion source, ion implanter, and accelerator

	Substrate growth 
	LPCVD* (150 m/h), 1000 oC
	Furnace = 2.5 kW x 5 h = 12.5 kWh 
Vacuum pumping = 0.1 kW x 5 h = 0.5 kWh
H2 = 500 sccm x 5 h  13.47 g
Ammonia borane (NH3BH3) = 500 sccm x 5 h = 0.81 g

	Ion implantation
	He+ ions, 1013 ions/cm2
	He+ = 1013 ions/cm2 x 1 cm2 = 1013 ions   0.07 ng
Implanter = 80 kW x 0.3 h = 24 kWh 

	Post-defect processing
	Thermal annealing (1100 oC, N2)
	Furnace = 5 kW x 1 h = 5 kWh 
N2 = 100 sccm x 1 h  7.5 g

	
	Reactive ion etching (O2 plasma)
	O2 = 25 sccm x 10 min  0.36 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HF acid)
	HF = 100 mL = 115 g 

	
	Atomic layer deposition (Al2O3 layer)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
Furnace = 2 kW x 5 min = 0.17 kWh

	
	Electrostatic gating (graphene gates)
	Graphene  0.77 g
Acetone = 50 mL = 39.2 g
Isopropanol = 50 mL = 39.3 g


* LPCVD = Low-Pressure Chemical Vapor Deposition




Table S10: Fabrication inventory calculations for boron vacancy (VB) centers in hexagonal boron nitride (h-BN) chip via e-beam irradiation defect engineering technique.38, 40, 41
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Hexagonal boron nitride (h-BN)
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	E-beam irradiation
	Electron gun, accelerator, vacuum system

	Substrate growth 
	LPCVD* (150 m/h), 1000 oC
	Furnace = 2.5 kW x 5 h = 12.5 kWh 
Vacuum pumping = 0.1 kW x 5 h = 0.5 kWh
H2 = 500 sccm x 5 h  13.47 g
Ammonia borane (NH3BH3) = 500 sccm x 5 h = 0.81 g

	E-beam irradiation
	Electrons, 1013 e/cm2
	Accelerator = 20 kW x 0.5 h = 10 kWh 

	Post-defect processing
	Thermal annealing (1100 oC, N2)
	Furnace = 5 kW x 1 h = 5 kWh 
N2 = 100 sccm x 1 h  7.5 g

	
	Reactive ion etching (O2 plasma)
	O2 = 25 sccm x 10 min  0.36 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HF acid)
	HF = 100 mL = 115 g 

	
	Atomic layer deposition (Al2O3 layer)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
Furnace = 2 kW x 5 min = 0.17 kWh

	
	Electrostatic gating (graphene gates)
	Graphene  0.77 g
Acetone = 50 mL = 39.2 g
Isopropanol = 50 mL = 39.3 g


* LPCVD = Low-Pressure Chemical Vapor Deposition




Table S11: Fabrication inventory calculations for boron vacancy (VB) centers in hexagonal boron nitride (h-BN) chip via laser writing defect engineering technique.42, 43, 44, 45, 46
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Hexagonal boron nitride (h-BN)
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	Laser writing
	Laser source, chillers, chamber

	Substrate growth 
	LPCVD* (150 m/h), 1000 oC
	Furnace = 2.5 kW x 5 h = 12.5 kWh 
Vacuum pumping = 0.1 kW x 5 h = 0.5 kWh
H2 = 500 sccm x 5 h  13.47 g
Ammonia borane (NH3BH3) = 500 sccm x 5 h = 0.81 g

	Laser writing
	Femtosecond laser, 515 nm 
	Laser source = 4 kW x 1 h = 4 kWh
Chillers = 0.2 kW x 1 h = 0.2 kWh 
Chillers (cooling water) = 6 L


* LPCVD = Low-Pressure Chemical Vapor Deposition




Table S12: Fabrication inventory calculations for boron vacancy (VB) centers in hexagonal boron nitride (h-BN) chip via heteroepitaxial growth defect engineering technique.47, 48
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Hexagonal boron nitride (h-BN)
	Chip dimensions 10 mm x 10 mm x 0.745 mm
Thin film 5 m, VB centers

	Defect engineering 
	Heteroepitaxial growth
	LPCVD, no in-situ doping

	Substrate growth 
	LPCVD* (150 m/h), 1000 oC
	Furnace = 2.5 kW x 4.97 h = 12.42 kWh 
Vacuum pumping = 0.1 kW x 4.97 h = 0.5 kWh
H2 = 500 sccm x 4.97 h  13.4 g
Ammonia borane (NH3BH3) = 500 sccm x 4.97 h = 0.81 g

	Heteroepitaxial growth
	LPCVD (5 m/h), 1000 oC
	Furnace = 2.5 kW x 1 h = 2.5 kWh 
Vacuum pumping = 0.1 kW x 1 h = 0.1 kWh
H2 = 500 sccm x 1 h  2.7 g
Ammonia borane (NH3BH3) = 500 sccm x 1 h = 0.38 g

	Post-defect processing
	Thermal annealing (1100 oC, N2)
	Furnace = 5 kW x 1 h = 5 kWh 
N2 = 100 sccm x 1 h  7.5 g

	
	Reactive ion etching (O2 plasma)
	O2 = 25 sccm x 10 min  0.36 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HF acid)
	HF = 100 mL = 115 g 

	
	Atomic layer deposition (Al2O3 layer)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
Furnace = 2 kW x 5 min = 0.17 kWh

	
	Electrostatic gating (graphene gates)
	Graphene  0.77 g
Acetone = 50 mL = 39.2 g
Isopropanol = 50 mL = 39.3 g


* LPCVD = Low-Pressure Chemical Vapor Deposition

ALUMINUM VACANCY CENTERS IN GALLIUM NITRIDE

Table S13: Fabrication inventory calculations for aluminum vacancy (VAl centers in GaN chip via ion implantation defect engineering technique.49, 50
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Gallium nitride (GaN) 
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	Ion Implantation
	Ion source, ion implanter, and accelerator

	Substrate growth 
	MOCVD* (150 m/h), 1050 oC
	Furnace = 2.5 kW x 5 h = 12.5 kWh 
Vacuum pumping = 0.1 kW x 5 h = 0.5 kWh
H2 = 500 sccm x 5 h  13.47 g
Trimethylgallium (Ga (CH3)3) = 10 sccm x 5 h = 5.43 g
Ammonia (NH3) = 5000 sccm x 5 h = 915 g

	Ion implantation
	N+ ions, 1013 ions/cm2
	He+ = 1013 ions/cm2 x 1 cm2 = 1013 ions   0.07 ng
Implanter = 80 kW x 0.3 h = 24 kWh 

	Post-defect processing
	Thermal annealing (1200 oC, N2)
	Furnace = 5 kW x 3 h = 15 kWh 
N2 = 25 sccm x 3 h  5.6 g

	
	Reactive ion etching (Cl2 plasma)
	Cl2 = 25 sccm x 10 min  0.8 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HF acid)
	HF = 100 mL = 115 g 

	
	Atomic layer deposition (HfO2 /SiNx layers)
	HfO2 (5 nm) = 9.68 g/cm3 x 5 x 10-7 cm3  4.84 g
SiNx (5 nm) = 3.1 g/cm3 x 5 x 10-7 cm3  1.55 g
Furnace = 2 kW x 5 min = 0.17 kWh


* MOCVD = Metal Organic Chemical Vapor Deposition




Table S14: Fabrication inventory calculations for aluminum vacancy (VAl) centers in GaN chip via e-beam irradiation defect engineering technique.51, 52
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Gallium nitride (GaN)
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	E-beam irradiation
	Electron gun, accelerator, vacuum system

	Substrate growth 
	MOCVD* (150 m/h), 1050 oC
	Furnace = 2.5 kW x 5 h = 12.5 kWh 
Vacuum pumping = 0.1 kW x 5 h = 0.5 kWh
H2 = 500 sccm x 5 h  13.47 g
Trimethylgallium (Ga (CH3)3) = 10 sccm x 5 h = 5.43 g
Ammonia (NH3) = 5000 sccm x 5 h = 915 g

	E-beam irradiation
	Electrons, 1013 e/cm2
	Accelerator = 20 kW x 0.5 h = 10 kWh 

	Post-defect processing
	Thermal annealing (1200 oC, N2)
	Furnace = 5 kW x 3 h = 15 kWh 
N2 = 25 sccm x 3 h  5.6 g

	
	Reactive ion etching (Cl2 plasma)
	Cl2 = 25 sccm x 10 min  0.8 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HF acid)
	HF = 100 mL = 115 g 

	
	Atomic layer deposition (HfO2 /SiNx layers)
	HfO2 (5 nm) = 9.68 g/cm3 x 5 x 10-7 cm3  4.84 g
SiNx (5 nm) = 3.1 g/cm3 x 5 x 10-7 cm3  1.55 g
Furnace = 2 kW x 5 min = 0.17 kWh


* MOCVD = Metal Organic Chemical Vapor Deposition



Table S15: Fabrication inventory calculations for aluminum vacancy (VAl) color centers in GaN chip via laser writing defect engineering technique.32, 53, 54
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Gallium nitride (GaN)
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	Laser writing
	Laser source, chillers, chamber

	Substrate growth 
	MOCVD* (150 m/h), 1050 oC
	Furnace = 2.5 kW x 5 h = 12.5 kWh 
Vacuum pumping = 0.1 kW x 5 h = 0.5 kWh
H2 = 500 sccm x 5 h  13.47 g
Trimethylgallium (Ga (CH3)3) = 10 sccm x 5 h = 5.43 g
Ammonia (NH3) = 5000 sccm x 5 h = 915 g

	Laser writing
	Femtosecond laser, 515 nm 
	Laser source = 4 kW x 1 h = 4 kWh
Chillers = 0.2 kW x 1 h = 0.2 kWh 
Chillers (cooling water) = 6 L


* MOCVD = Metal Organic Chemical Vapor Deposition


Table S16: Fabrication inventory calculations for aluminum vacancy (VAl) centers in GaN chip via heteroepitaxial growth defect engineering technique.52, 55, 56
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Gallium nitride (GaN)
	Chip dimensions 10 mm x 10 mm x 0.7 mm
Thin film 50 m, VAl centers

	Defect engineering 
	Heteroepitaxial growth
	MOCVD, no in-situ doping

	Substrate growth 
	MOCVD* (150 m/h), 1050 oC
	Furnace = 2.5 kW x 4.67 h = 11.68 kWh 
Vacuum pumping = 0.1 kW x 4.67 h = 0.47 kWh
H2 = 500 sccm x 4.67 h  12.57 g
Trimethylgallium (Ga (CH3)3) = 10 sccm x 4.67 h = 5.07 g
Ammonia (NH3) = 5000 sccm x 4.67 h = 854 g

	Heteroepitaxial growth
	MOCVD (5 m/h), 1050 oC
	Furnace = 2.5 kW x 10 h = 25 kWh 
Vacuum pumping = 0.1 kW x 10 h = 1 kWh
H2 = 500 sccm x 10 h  27 g
Trimethylgallium (Ga (CH3)3) = 10 sccm x 10 h = 11.4 g
Ammonia (NH3) = 5000 sccm x 10 h = 1830 g

	Post-defect processing
	Thermal annealing (1200 oC, N2)
	Furnace = 5 kW x 3 h = 15 kWh 
N2 = 25 sccm x 3 h  5.6 g

	
	Reactive ion etching (Cl2 plasma)
	Cl2 = 25 sccm x 10 min  0.8 g
RF source = 200 W x 10 min = 0.033 kWh

	
	Chemical etching (HF acid)
	HF = 100 mL = 115 g 

	
	Atomic layer deposition (HfO2 /SiNx layers)
	HfO2 (5 nm) = 9.68 g/cm3 x 5 x 10-7 cm3  4.84 g
SiNx (5 nm) = 3.1 g/cm3 x 5 x 10-7 cm3  1.55 g
Furnace = 2 kW x 5 min = 0.17 kWh


* MOCVD = Metal Organic Chemical Vapor Deposition


ZINC VACANCY CENTERS IN ZINC OXIDE

Table S17: Fabrication inventory calculations for zinc vacancy (VZn centers in ZnO chip via ion implantation defect engineering technique.57, 58
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Zinc oxide (ZnO) 
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	Ion Implantation
	Ion source, ion implanter, and accelerator

	Substrate growth 
	MOCVD (150 m/h), 600 oC
	Furnace = 2.5 kW x 5 h = 12.5 kWh 
Vacuum pumping = 0.1 kW x 5 h = 0.5 kWh
Ar = 500 sccm x 5 h  267 g
diethylzinc (C4H10Zn) = 10 sccm x 5 h = 7.2 g
O2 = 500 sccm x 5 h = 214 g

	Ion implantation
	He+ ions, 1013 ions/cm2
	He+ = 1013 ions/cm2 x 1 cm2 = 1013 ions   0.07 ng
Implanter = 80 kW x 0.3 h = 24 kWh 

	Post-defect processing
	Thermal annealing (800 oC, N2)
	Furnace = 5 kW x 3 h = 15 kWh 
N2 = 25 sccm x 3 h  5.6 g

	
	Chemical etching (HF/HCl acid)
	HF = 50 mL = 57.5 g 
HCl = 50 mL = 59.5 g

	
	Atomic layer deposition (Al2O3 / ZnO layers)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
ZnO (5 nm) = 5.61 g/cm3 x 5 x 10-7 cm3  2.8 g
Furnace = 2 kW x 5 min = 0.17 kWh





Table S18: Fabrication inventory calculations for zinc vacancy (VZn) centers in ZnO chip via e-beam irradiation defect engineering technique.59, 60, 61
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Zinc oxide (ZnO)
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	E-beam irradiation
	Electron gun, accelerator, vacuum system

	Substrate growth 
	MOCVD (150 m/h), 600 oC
	Furnace = 2.5 kW x 5 h = 12.5 kWh 
Vacuum pumping = 0.1 kW x 5 h = 0.5 kWh
Ar = 500 sccm x 5 h  267 g
diethylzinc (C4H10Zn) = 10 sccm x 5 h = 7.2 g
O2 = 500 sccm x 5 h = 214 g

	E-beam irradiation
	Electrons, 1013 e/cm2
	Accelerator = 20 kW x 0.5 h = 10 kWh 

	Post-defect processing
	Thermal annealing (800 oC, N2)
	Furnace = 5 kW x 3 h = 15 kWh 
N2 = 25 sccm x 3 h  5.6 g

	
	Chemical etching (HF/HCl acid)
	HF = 50 mL = 57.5 g 
HCl = 50 mL = 59.5 g

	
	Atomic layer deposition (Al2O3 / ZnO layers)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
ZnO (5 nm) = 5.61 g/cm3 x 5 x 10-7 cm3  2.8 g
Furnace = 2 kW x 5 min = 0.17 kWh




Table S19: Fabrication inventory calculations for zinc vacancy (VZn) centers in ZnO chip via laser writing defect engineering technique.62, 63, 64, 65
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Zinc oxide (ZnO)
	Chip dimensions 10 mm x 10 mm x 0.75 mm

	Defect engineering 
	Laser writing
	Laser source, chillers, chamber

	Substrate growth 
	MOCVD (150 m/h), 600 oC
	Furnace = 2.5 kW x 5 h = 12.5 kWh 
Vacuum pumping = 0.1 kW x 5 h = 0.5 kWh
Ar = 500 sccm x 5 h  267 g
diethylzinc (C4H10Zn) = 10 sccm x 5 h = 7.2 g
O2 = 500 sccm x 5 h = 214 g

	Laser writing
	Femtosecond laser, 800 nm 
	Laser source = 5 kW x 1 h = 5 kWh
Chillers = 0.2 kW x 1 h = 0.2 kWh 
Chillers (cooling water) = 6 L




Table S20: Fabrication inventory calculations for zinc vacancy (VZn) centers in ZnO chip via heteroepitaxial growth defect engineering technique.66, 67, 68
	Category 
	Inventory

	
	Description/value
	Calculation/estimation

	Substrate
	Zinc oxide (ZnO)
	Chip dimensions 10 mm x 10 mm x 0.7 mm
Thin film 50 m, VZn centers

	Defect engineering 
	Heteroepitaxial growth
	MOCVD, no in-situ doping

	Substrate growth 
	MOCVD (150 m/h), 600 oC
	Furnace = 2.5 kW x 4.67 h = 11.68 kWh 
Vacuum pumping = 0.1 kW x 4.67 h = 0.47 kWh
Ar = 500 sccm x 4.67 h  249 g
diethylzinc (C4H10Zn) = 10 sccm x 4.67 h = 6.7 g
O2 = 500 sccm x 4.67 h = 200 g

	Heteroepitaxial growth
	MOCVD (5 m/h), 600 oC
	Furnace = 2.5 kW x 10 h = 25 kWh 
Vacuum pumping = 0.1 kW x 10 h = 1 kWh
Ar = 500 sccm x 10 h  534 g
diethylzinc (C4H10Zn) = 10 sccm x 10 h = 14.4 g
O2 = 500 sccm x 10 h = 429 g

	Post-defect processing
	Thermal annealing (800 oC, N2)
	Furnace = 5 kW x 3 h = 15 kWh 
N2 = 25 sccm x 3 h  5.6 g

	
	Chemical etching (HF/HCl acid)
	HF = 50 mL = 57.5 g 
HCl = 50 mL = 59.5 g

	
	Atomic layer deposition (Al2O3 / ZnO layers)
	Al2O3 (5 nm) = 3.97 g/cm3 x 5 x 10-7 cm3  1.985 g
ZnO (5 nm) = 5.61 g/cm3 x 5 x 10-7 cm3  2.8 g
Furnace = 2 kW x 5 min = 0.17 kWh
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