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[bookmark: _Toc183552643]Supplementary section 1: general characterizations
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[bookmark: _Toc183552644]Supplementary Fig. 1. Crystal structure of the c-plane sapphire surface. a, Schematic representation of c-plane sapphire, cutting along the a-axis, and forming the atomic steps towards the m-direction after the thermal annealing process. b, The atomic structure of c-plane sapphire along the a [11-20] plane, showing the half-Al termination. c, The octahedral aluminum coordination in sapphire crystal structure. 
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[bookmark: _Toc183552645]Supplementary Fig. 2. The surface profiles of sapphire after annealing. a, Schematic representation of six AFM testing points marked as P1 to P6. b, AFM images of freshly annealed sapphire at various positions, revealing a clean surface with atomic steps. c, High-resolution AFM image, showing the atomic step height of ~0.25 nm. 
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[bookmark: _Toc183552646]Supplementary Fig. 3. AFM images of engineered sapphires. a, Sapphire upon air exposure for 1 week. b, Sapphire upon air exposure for 2 weeks. It is hard to detect the structure changes during the 2 weeks air-exposure.
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[bookmark: _Toc183552647]Supplementary Fig. 4. Cross-section STEM images of sapphire aging in air for different durations. a, Freshly annealed sapphire. The clearly atomic b, The sample after air exposure for 2 weeks. c, The sapphire after air exposure for 4 weeks. d, The sample after air exposure for 6 weeks. It shows the amorphous layer with the thickness of ~1 nm on the surface.  The clusters are formed on the amorphous layer during the long-term air-exposure.
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[bookmark: _Toc183552648]Supplementary Fig. 5. Schematic illustration of sapphire surface morphology evolution during air exposure. 




[bookmark: _Toc183552649]Supplementary Table. 1. The settings of electron flood gun under various control modes
	Setting
	Filament current
(A)
	Extractor V
(V)
	Electron energy
(V)
	Emission current density
(μA cm-2)

	No electron flux (NEF)
	0
	40
	-2
	0

	Low electron flux intensity (LEF)
	2
	40
	-2
	20

	High electron flux intensity (HEF)
	2.4
	40
	-2
	24
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[bookmark: _Toc183552650]Supplementary Fig. 6. XPS measurement on freshly annealed sapphire under high electron flux mode. a, Schematic of XPS measurement with photoelectron collected at 30o. b, Crystal structure of c-plane sapphire, showing O-Al-O and Al-O-Al bonding. c, High-resolution Al 2p and O1s spectra. 



[bookmark: _Toc183552651]Supplementary Table. 2. The XPS analysis of freshly annealed and 1-week aged sapphires, assessed under high electron flux mode
	Samples
	O 1s 
	Al 2p 
	C 1s 

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Peak (eV)

	
	FWHM
(eV)
	Peak
(eV)
	FWHM
(eV)
	Peak
(eV)
	 Peak (eV)
	FWHM
(eV)
	Peak
(eV)
	FWHM
(eV)
	Raw
	corrected

	
	
	raw
	corrected
	
	Raw
	corrected
	raw
	corrected
	
	Raw
	corrected
	
	
	

	Freshly annealed
	1.22
	529.1
	531.0
	
	
	
	72.2
	74.1
	1.12
	
	
	
	283.1
	285.0

	1-week aged
	1.22
	528.6
	  531.0
	1.3
	529.0
	531.4
	71.5
	73.9
	1.25
	71.7
	74.1
	1.3
	282.6
	285.0
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[bookmark: _Toc183552652]Supplementary Fig. 7. Schematic illustration of aluminum (oxy)hydroxide structure. a, Crystal structure of boehmite, AlOOH. a, Crystal structure of Gibbsite, Al(OH)3. 
[bookmark: _Toc183552653]Supplementary section 2: the comparison of XPS spectra of Al 2p, O 1s, C 1s peaks on freshly annealed sapphire under NEF, LEF and HEF XPS testing modes

[image: ]
[bookmark: _Toc183552654]Supplementary Fig. 8. Angle-resolved XPS spectra of Al 2p and O1s on freshly annealed sapphire, assessed under low electron flux mode (LEF). 
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[bookmark: _Toc183552655]Supplementary Fig. 9. Angle-resolved XPS spectra of Al 2p and O1s on freshly annealed sapphire, assessed under no electron flux (NEF) mode. 
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[bookmark: _Toc183552656]Supplementary Fig. 10. XPS spectra of Al 2p and O1s on sapphire, freshly annealed with and without electron flood gun. a, The illustration of XPS analysis with electron flood gun. b, The Al 2p, O 1s and C 1s peaks under different electron density controlled by electron flood gun.
  The freshly annealed sapphire was measured at HEF mode, as detailed in the schematic setup in Figure S6a. After charge correction, the high-resolution Al 2p and O 1s spectra (displayed in Figure 1g and Figure S6) revealed an Al 2p peak at 74.1 eV and a primary O 1s peak at 531 eV, both indicative of O-Al-O bonding in the α-phase Al2O3.1 An additional O 1s peak at 532.4 eV was observed, attributed to physically adsorbed H2O or dissociated OH- radicals on the surface.2 Angle-resolved Al 2p and O 1s spectra measured in LEF and NEF modes are presented in Figures S7 and S8, respectively, with comparative data at a 30° angle shown in Figure S9 and Table S1. In HEF mode, the binding energy of the carbon C-C peak was reduced to 283.1 eV from the standard 284.5-285 eV, indicating a significant negative electric field induced by the high electron flux. Conversely, in NEF mode, the C-C binding energy escalated to 312.8 eV, an increase of 28 eV, alongside similar increases in the O 1s and Al 2p peaks. This rise is attributed to a net positive electric field on the sapphire surface, resulting from the loss of photoelectrons, which leave behind core-holes and valence-holes bearing positive charges. In LEF mode, the C-C binding energy was recorded at 284.3 eV, close to the standard range, suggesting that the emitted electrons adequately compensated for the positive charge induced by photoelectron loss, with a residual small negative electric field remaining on the surface. After charge correction, the Al 2p and O 1s peaks assessed in LEF and HEF modes exhibited similar binding energies and full widths at half maximum, indicating consistent and reliable surface characterization across different electron flux settings.









[bookmark: _Toc183552657]Supplementary Table. 3. The XPS analysis of freshly annealed sapphire, measured at different electron flood gun settings
	XPS spectra (electron flood gun setting)
	Al 2p
	O 1s
	C 1s

	
	Al-O@ Al2O3
	Al-O@ Al2O3
	Peak (eV)

	
	Peak (eV)
	FWHM
(eV)
	Peak (eV)
	FWHM (eV)
	Raw
	Corrected

	
	Raw
	Corrected
	
	Raw
	Corrected
	
	
	

	No electron flux (NEF)
	102
	74.2
	1.20
	561
	533.1
	1.7
	312.8
	285.0

	With low electron flux (LEF)
	73.3
	74
	1.15
	530.3
	531
	1.22
	284.3
	285.0

	With high electron flux (HEF)
	72.2
	74.1
	1.12
	529.1
	531
	1.22
	283.1
	285.0
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[bookmark: _Toc183552658]Supplementary Fig. 11. Survey scan spectrum of sapphire aged in air for two weeks. a, Survey scan XPS spectrum, indicating a clean surface with only Al, O and C elements detected. b, Calculated atomic percentage of Al and O in aged sapphire. The Al/O is calculated to be 0.57, which is lower than the stoichiometric value of 0.67 for alfa-Al2O3. 









[bookmark: _Toc183552659]Supplementary section 3: the comparison of XPS spectra of Al 2p, O 1s, C 1s peaks on 2-week aged sapphire under NEF, LEF and HEF XPS testing modes
[image: ]
[bookmark: _Toc183552660]Supplementary Fig. 12. Angle-resolved XPS spectra of Al 2p and O1s on sapphire aged for two weeks. a, The illustration of angle-resolved XPS analysis. b, The schematic of structure phases. c, The angle-resolved Al 2p, O 1s and C 1s peaks.

[bookmark: _Toc183552661]Supplementary Table. 4. The XPS analysis of two-weeks-aged sapphire, measured at various angles
	XPS spectra (testing angle)
	O 1s 
	Al 2p 
	C 1s 

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Ratio of
AAl-OH/AAl-O
	Peak
(eV)
	FWHM
(eV)
	Peak
(eV)

	
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	
	raw
	corrected
	
	raw
	corrected

	
	
	raw
	corrected
	
	
	Raw
	corrected
	
	
	
	
	
	
	

	0o
	1.3
	528.1
	530.6
	90944
	1.3
	528.6
	531.1
	9386
	0.103
	71.4
	73.9
	1.14
	282.5
	285.0

	30o
	1.3
	528.5
	  530.9
	22744
	1.3
	529.0
	531.4
	3771
	0.166
	71.5
	73.9
	1.17
	282.6
	285.0

	45o
	1.3
	528.5
	530.9
	8912
	1.3
	528.9
	531.4
	2384
	0.268
	71.4
	73.9
	1.28
	282.5
	285.0

	60o
	1.3
	528.6
	530.9
	5569
	1.3
	529.1
	531.4
	1960
	0.352
	71.7
	74.0
	1.35
	282.7
	285.0

	70o
	1.3
	528.4
	530.9
	3179
	1.3
	528.9
	531.4
	1850
	0.582
	71.6
	74.1
	1.38
	282.5
	285.0
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[bookmark: _Toc183552662]Supplementary Fig. 13. The angle-dependent area ratio of Al-OH bonding and Al-O bonding in XPS spectra of O1s on sapphire aged for two weeks. 


In HEF mode, angle-resolved high-resolution scans of Al 2p, O 1s, and C 1s were performed. The C-C binding energy was observed to decrease to 282.5 eV (detailed in Table S2), indicative of a substantial negative electric field during HEF testing. After adjusting the C-C binding energy to the standard 285 eV, the angle-resolved Al 2p and O 1s peaks are depicted in Figure S11. At a θ of 37°, the primary O 1s and Al 2p peaks were recorded at 530.9 eV and 73.9 eV, respectively, with noted broadening of their full width at half maximum (FWHM). This broadening is attributed to the formation of amorphous Al2O3 bonded chemically to hydroxyl groups, a consequence of the α-Al2O3 surface amorphization driven by vigorous hydroxylation under elevated water vapor pressures.  
  Additionally, a distinct high-energy shoulder was identified on the primary O 1s peak. Curve fitting revealed an additional O 1s peak at 531.4 eV. The increasing peak area ratio relative to that of bulk sapphire with the angle of testing (shown in Figures S11, S12, and detailed in Table S2) suggests that this additional peak corresponds to a surface phase on sapphire. Referencing the literatures,3, 4 we attribute this peak to the characteristic of aluminum (oxy)hydroxide, with binding energies of Al 2p at 74.1 eV for O-Al-OH and O 1s at 531.3 eV for Al-OH, resulting from the surface hydrolysis of sapphire in air. Aluminium (oxy)hydroxide typically manifests in the forms of boehmite and gibbsite, which are characterized by abundant Al-OH bonds, as shown in Figure S13. It is reported that the reaction of water vapor with the clean c-plane surface of α-Al₂O₃ is strongly influenced by water vapor pressure.5-8 Below approximately 1 Torr, dissociative chemisorption of water primarily occurs at defect sites. Above this threshold, extensive hydroxylation and conversion to gibbsite (Al(OH)₃) are observed.5 In our experiments, the calculated water vapor pressure in the air was 19 Torr, considerably surpassing this threshold and inducing significant hydroxylation of the surface. The polar surface structure of α-Al₂O₃ is prone to substantial relaxation due to the divergence of the electrostatic potential, leading to instability.5, 9, 10 This extensive structural relaxation, coupled with increased hydroxylation and prolonged exposure, likely fosters the transformation of the crystalline Al₂O₃ surface into a hydroxyl-rich aluminum (oxy)hydroxide layer. Distinguishing between the Al 2p peaks at 74.1 eV for O-Al-OH in aluminum (oxy)hydroxide and for O-Al-O in alpha-Al2O3 remains challenging due to their close proximity in binding energies.
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[bookmark: _Toc183552663]Supplementary Fig. 14. Angle-resolved XPS spectra of Al 2p and O1s on sapphire aged for two weeks without electron flood gun. 
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[bookmark: _Toc183552664]Supplementary Fig. 15. Angle-resolved XPS spectra of Al 2p and O1s on sapphire aged for two weeks without electron flood gun. 









[bookmark: _Toc183552665]Supplementary Table. 5. The XPS analysis of two-weeks-aged sapphire, measured with no electron flux
	XPS spectra (testing angle)
	O 1s
	Al 2p
	C 1s

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Ratio of
AAl-OH/AAl-O
	Peak
(eV)
	FWHM
(eV)
	Peak
(eV)

	
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	
	
	
	

	30o
	1.4
	553
	344
	1.4
	553.5
	57
	0.165
	94.7
	1.3
	306.5

	36o
	1.4
	    553
	259
	1.4
	553.5
	57
	0.220
	94.7
	1.35
	306.5

	42o
	1.4
	553
	173
	1.4
	553.5
	56
	0.323
	94.7
	1.38
	306.5
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[bookmark: _Toc183552666]Supplementary Fig. 16. The angle-dependent area ratio of Al-OH bonding and Al-O bonding in XPS spectra of O1s on sapphire aged for two weeks without electron flood gun. 


 In NEF mode, the angle-resolved Al 2p, O 1s, and C 1s spectra are presented in Figures S14 and S15, with detailed analytical results in Table S3 and Figure S16. Under NEF conditions, the O 1s peaks associated with O-Al-O bonding in alpha-Al2O3 and Al-OH bonding in AlOx(OH)y experience an upward shift of 21.5 eV, resulting from the positive electric field present during measurement. These peaks also show an increase in broadness, exhibiting a FWHM of 1.4 eV. Furthermore, the area ratio of the O1s peaks for Al-O bonding to Al-OH bonding is calculated to be 0.165 at θ=30°, matching with the value of 0.166 observed in HEF mode.
[image: ]
[bookmark: _Toc183552667]Supplementary Fig. 17. Angle-resolved XPS spectra of Al 2p and O1s on sapphire aged for two weeks with low electron flood gun. 
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[bookmark: _Toc183552668]Supplementary Fig. 18. Angle-resolved XPS spectra of Al 2p and O1s on sapphire aged for two weeks with low electron flood gun. 





[bookmark: _Toc183552669]Supplementary Table. 6. The XPS analysis of two-weeks-aged sapphire, measured with low electron flood gun
	XPS spectra (testing angle)
	O 1s

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Ratio of
AAl-OH/AAl-O

	
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	

	
	
	Raw
	Corrected
	
	
	Raw
	Corrected
	
	

	30o
	1.3
	530.4
	530.8
	311
	1.3
	528.6
	529
	52
	0.167

	36o
	1.3
	530.3
	    530.8
	270
	1.3
	528.5
	529
	60
	0.222

	42o
	1.3
	530.1
	530.8
	215
	1.3
	528.3
	529
	61
	0.284

	XPS spectra (testing angle)
	Al 2p
	C 1s

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Ratio of
AAl-OH/AAl-O
	Peak
(eV)

	
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	
	

	
	
	Raw
	Corrected
	
	
	Raw
	Corrected
	
	
	Raw
	Corrected

	30o
	1.17
	73.5
	73.9
	40
	1.3
	71.9
	72.3
	11
	0.275
	284.6
	285.0

	36o
	1.17
	73.4
	73.9
	31
	1.3
	71.8
	72.3
	10
	0.322
	284.5
	285.0

	42o
	1.17
	73.2
	73.9
	22
	1.3
	71.6
	72.3
	8
	0.363
	284.3
	285.0
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[bookmark: _Toc183552670]Supplementary Fig. 19. The angle-dependent area ratio of Al-OH bonding and Al-O bonding in XPS spectra of O1s on sapphire aged for two weeks with low electron flood gun.
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[bookmark: _Toc183552671]Supplementary Fig. 20.  High-resolution XPS spectra of Al 2p, O 1s and C 1s on sapphire aged for two weeks with different electron flux intensities of flood gun.










[bookmark: _Toc183552672]Supplementary Table 7. The XPS analysis of two-weeks-aged sapphire, measured with different electron flux intensities of flood gun. 
	XPS spectra (testing angle)
	O 1s

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Ratio of
AAl-OH/AAl-O

	
	FWHM
(eV)
	Peak
(eV)
	FWHM
(eV)
	Peak
(eV)
	

	
	
	Raw
	Corrected
	
	Raw
	Corrected
	

	No flood gun
	1.4
	553
	531.5
	1.4
	553.5
	532.0
	0.165

	Low electron flux
	1.3
	530.4
	530.8
	1.3
	528.5
	528.9
	0.167

	High electron flux
	1.3
	528.5
	530.9
	1.3
	529.0
	531.4
	0.166

	XPS spectra (testing angle)
	Al 2p
	
	
	
	C 1s

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Ratio of
AAl-OH/AAl-O
	Peak
(eV)

	
	FWHM
(eV)
	Peak
(eV)
	FWHM
(eV)
	Peak
(eV)
	
	

	
	
	Raw
	Corrected
	
	Raw
	Corrected
	
	Raw
	Corrected

	No flood gun
	
	
	
	
	
	
	
	306.5
	285

	Low electron flux
	1.17
	73.5
	73.9
	1.3
	71.9
	72.3
	0.275
	284.6
	285

	High electron flux
	
	
	
	
	
	
	
	282.6
	285















[bookmark: _Toc183552673]Supplementary section 4: The aging duration dependent angle-resolved XPS spectra of Al 2p, O 1s, C 1s peaks under LEF testing mode
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[bookmark: _Toc183552674]Supplementary Fig. 21. Angle-resolved XPS spectra of Al 2p and O1s on sapphire, aged for one and two weeks, assessed at low electron flux mode.
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[bookmark: _Toc183552675]Supplementary Fig. 22. Angle-resolved XPS spectra of Al 2p and O1s on sapphire, aged for four, six and eight weeks, assessed at low electron flux mode.
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[bookmark: _Toc183552676]Supplementary Fig. 23. XPS measured surface phase evolution of sapphire during air exposure, assessed at low electron flux mode.


[bookmark: _Toc183552677]Supplementary Table 8. The XPS analysis of two-weeks-aged sapphire, measured with low electron flood gun.
	XPS spectra (aging in air)
	O 1s

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Ratio of
AAl-OH/AAl-O
	AlOx(OH)y%

	
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	
	

	Annealed
	1.22
	531
	
	
	
	
	
	0

	1 week
	1.3
	  530.8
	315
	1.3
	529
	40
	0.127
	11%

	2 weeks
	1.3
	530.8
	311
	1.3
	529
	52
	0.167
	14%

	4 weeks
	1.35
	530.8
	107
	1.35
	529.4
	49
	0.458
	31%

	6 weeks
	1.4
	830.9
	49
	1.4
	829.9
	42
	0.857
	46%

	8 weeks
	1.42
	531.5
	33
	1.42
	530.4
	68
	2.060
	67%

	XPS spectra (testing angle)
	Al 2p
	C 1s
	

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Ratio of
AAl-OH/AAl-O
	Peak
(eV)
	

	
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	
	
	

	Annealed
	1.15
	74
	
	
	
	
	
	285.0
	

	1 week
	1.17
	74
	42
	1.3
	72.3
	6
	0.142
	285.0
	

	2 weeks
	1.17
	73.9
	40
	1.3
	72.3
	11
	0.275
	285.0
	

	4 weeks
	1.2
	74.1
	20
	1.3
	72.5
	12
	0.600
	285.0
	

	6 weeks
	1.3
	74.2
	7
	1.4
	73.2
	8
	1.142
	285.0
	

	8 weeks
	1.3
	74.6
	9
	1.4
	73.5
	24
	2.667
	285.0
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[bookmark: _Toc183552678]Supplementary Fig. 24. The angle-dependent area ratio of Al-OH bonding and Al-O bonding in XPS spectra of O1s on sapphire aged for two weeks with low electron flood gun. 

[bookmark: _Toc183552679]Supplementary section 5: the XPS spectra and analysis of Al 2p, O 1s, C 1s peaks on sapphires engineered with different atomic step height
[image: ]
[bookmark: _Toc183552680]Supplementary Fig. 26. Atomic step height dependent surface structural changes 



[bookmark: _Toc183552681]Supplementary Table 9. The XPS analysis of two-weeks-aged sapphires, engineered with different atomic step heights.
	Sapphire of atomic step height
	O 1s

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Ratio of
AAl-OH/AAl-O
	AlOx(OH)y% 

	
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	
	

	0.2 nm
	1.3
	530.8
	253
	1.3
	529.1
	66
	0.261
	21%

	1 nm
	1.3
	  530.9
	185
	1.3
	529.2
	86
	0.465
	32%

	Sapphire of atomic step height
	Al 2p
	C 1s
	The additional AlOx(OH)y% per atomic step height (%/nm)

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Ratio of
AAl-OH/AAl-O
	Peak
(eV)
	

	
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	
	
	

	0.2 nm
	1.17
	73.9
	51
	1.3
	72.3
	15
	0.294
	285.0
	14 %/nm

	1 nm
	1.17
	74
	38
	1.3
	72.4
	19
	0.500
	285.0
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[bookmark: _Toc183552682]Supplementary Fig. 27. The atomic step height dependent ratio of angle-dependent area ratio of AAl-OH/AAl-O. 
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[bookmark: _Toc183552683]Supplementary Fig. 28. The growth recipe without growth precursors.







[bookmark: _Toc183552684]Supplementary section 6: the XPS spectra and analysis on structure transformation of aged sapphire in the pre-growth heating process
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[bookmark: _Toc183552685]Supplementary Fig. 29. Atomic step height dependent surface structural changes. 


[bookmark: _Toc183552686]Supplementary Table 10. The XPS analysis of sapphires after annealing, after two-weeks-aging and after growth thermal heating
	XPS spectra (aging in air)
	O 1s

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Surface OH- or H2O
	Surface OH- or H2O%

	
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	FWHM
(eV)
	Area
(a.u.)
	

	Annealed
	1.22
	531
	427
	
	
	
	1.42
	14
	3.2%

	2-week air exposure
	1.3
	530.8
	311
	1.3
	529
	52
	1.42
	31
	7.8%

	2-week air exposure   + growth thermal process

	1.22
	530.8
	285
	
	
	
	1.42
	70
	21.5%

	XPS spectra (testing angle)
	Al 2p
	C 1s
	

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	
	Peak
(eV)
	

	
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	FWHM
(eV)
	Peak
(eV)
	Area
(a.u.)
	
	
	

	Annealed
	1.15
	74
	
	
	
	
	
	285.0
	

	2-week air exposure
	1.17
	73.9
	40
	1.3
	72.3
	6
	
	285.0
	

	2-week air exposure   + growth thermal process

	1.15
	73.9
	42
	
	
	
	
	285.0
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[bookmark: _Toc183552687]Supplementary Fig. 30. The calculated Al/O changes on sapphire samples in fresh, and after aging for 2 weeks and 4 weeks
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[bookmark: _Toc183552688]Supplementary Fig. 31. Photograph of UV cleaner.



[bookmark: _Toc183552689]Supplementary section 7: the XPS spectra and analysis on structure transformation of aged sapphire with UV irradiation
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[bookmark: _Toc183552690]Supplementary Fig. 32. The high-resolution Al 2p and O 1s spectra of sapphire samples. 







[bookmark: _Toc183552691]Supplementary Table 11. The XPS analysis of sapphires of annealing, two-weeks-aging, UV exposure and growth heating
	XPS spectra 
	O 1s
	Al 2p
	C 1s

	
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Al-O@ Al2O3
	Al-OH @AlOx(OH)y
	Peak
(eV)

	
	FWHM
(eV)
	Peak
(eV)
	FWHM
(eV)
	Peak
(eV)
	FWHM
(eV)
	Peak
(eV)
	FWHM
(eV)
	Peak
(eV)
	

	Annealed
	1.22
	531
	
	
	1.15
	74
	
	
	285

	2-week air exposure
	1.3
	530.8
	1.3
	529
	1.17
	73.9
	1.3
	72.3
	285

	2-week air exposure   + UV
	1.5
	531
	
	
	1.34
	74
	
	
	285

	2-week air exposure   
+ UV + growth heating
	1.25
	530.9
	
	
	1.19
	74
	
	
	285
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[bookmark: _Toc183552692]Supplementary Fig. 33. RHEED patterns of fresh annealed sapphire (a) and the corresponding crystal structure (b)
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[bookmark: _Toc183552693]Supplementary Fig. 34. The illustration of  x  reconstructed structure. 
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[bookmark: _Toc183552694]Supplementary Fig. 35. The schematic illustration of the fabrication of two commonly used c-plane sapphire wafers with atomic step along the a  and m directions. 

[image: ]
[bookmark: _Toc183552695]Supplementary Fig. 36 Optical image of WS2 continuous film on 2-inch sapphire wafer. 
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[bookmark: _Toc183552696]Supplementary Fig. 37. Atomic-resolution STEM analysis of grown WS2 monolayer (a) Atomic-resolution STEM-ADF image and (b,c) the enlarged image and intensity profile from a. 
[image: ]
[bookmark: _Toc183552697]Supplementary Fig. 38. XPS characterization of WS2 film transferred on HOPG by PMMA method. XPS spectra of W 4f (right) and S 2p core levels (left) of WS2 on HOPG (red line). XPS data of WS2 stoichiometric single crystal (SC) are also shown for comparison purposes (Green shaded curves, as acquired under the same condition of the WS2 monolayer (ML). The similarity between the ML and SC intensity indicates a nearly stoichiometric ML.
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[bookmark: _Toc183552698]Supplementary Fig. 39. ARPES intensity plot showing the valence band dispersion of WS2 monolayer along GM and GK high symmetry direction at 295 K. Schematic of Brillouin Zone with G, M, K high symmetry point are is shown in the inset. 
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