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Supplementary Text 

DFT computational details.  
The first-principles calculations based on DFT are carried out using the Vienna Ab-initio 

simulation package (VASP) (44). We adopt the all-electron-like projector-augmented wave 
potentials (45) and the generalized-gradient approximation of Perdew, Burke, and Ernzerhof 
(PBE) (46) for the exchange correlation functional. The energy cutoff for the plane-wave 
expansion is set as 400 eV. The surface of Al-terminated Al2O3(0001) is constructed with (1×1) 
periodicity and an expanded (3×3) supercell is chosen to support the modelling of graphene 
cluster adsorption. The graphene cluster C24H12 is adsorbed on such a supercell at different 
adsorption sites and different rotational angles. The Al-terminated Al2O3(0001) surface is 
modeled by an eight-layer slab with the bottom passivated by pseudo-hydrogen atoms. These 
pseudo-hydrogen atoms and the three bottom layers of Al2O3 slab are kept fixed during the 
relaxation. The coordinates of atoms are relaxed until the Hellmann-Feynman forces on each 
atom are less than 0.01 eV/Å. The thickness of the vacuum region is about 18 Å, which is large 
enough to reduce the interaction between images. A 2×2×1 Monkhorst-Pack k-point mesh is 
used for the Brillouin zone sampling (47). Weak van der Waals (vdW) interactions are included 
with the Becke88 optimization (optB88) functional (48). 
    
Adsorption sites for C24H12 cluster on Al2O3 substrate. 

We test different adsorption sites for graphene cluster C24H12 on Al2O3 substrate: with one 
C atom on top of the surface low-Al atom (Fig. 1d), and with the center of the cluster (also the 
center of the six-member ring) on top of the low-Al atom (fig. S2a). Our calculations show that 
the latter is less stable than the the former. As shown in fig. S2b, when the center is positioned 
on top of the surface low-Al atom, the total enegy is always higher than those with C atom on 
top of low-Al atom at all the considered rotational angles ( = 0°~30°). Besides, the lowest 
energy for this configuration corresponds to rotational angle of 0° rather than 30°, inconsistent 
with the experiment observations. Therefore, we only consider the configurations with C atom 
on top of surface low-Al atom when we determine the preferred rotational angle.  
 

Adsorption geometry of C24H12 cluster on Al2O3 substrate without constraint. 
To maintain the rotational angle, the in-plane coordinates of two C atoms are kept fixed 

during relaxation. The constraint would also overestimate the energy of the adsorption 
structures. To obtain the more reliable energies at local minima, we remove the constraint and 
fully relax the adsorption structures at rotational angles of 0°, 30° and 60° (hollow symbols in 
fig. S2b). As shown in fig. S3, the C24H12 cluster will slightly shift on the substrate, such that 
more C atoms get closer to the surface low-Al atoms. At the rotational angle of 30°, there are 
four such C atoms that are almost on top of the surface low-Al atoms (denoted by arrows in fig. 

S3b). Therefore, this configuration has a lower energy than those with rotational angles of 0° 
and 60° by about 0.2 eV. We note that the adsorption of C24H12 cluster on sapphire substrate is 
dominant by van der Waals interaction. The adsorption energy per atom is around 0.07~0.08 
eV, similar to that of graphene layer on the same substrate. Despite of its weak nature, the 
registry of van der Waals interaction is strong enough to lead to the energy-minimal 
configuration at rotational angle of 30°. 

 



 

 

 

 
Fig. S1. Photograph of homemade induction heating CVD system. Insect is the schematic 
illustration of the growth of graphene on sapphire wafer. 
 
 
 
 
 

 

 
Fig. S2. First-principles calculations of the relative energies of graphene cluster C24H12 on an 
Al2O3 (0001) substrate. (A) The atomic structure of graphene cluster C24H12 on Al2O3 (0001) 
surface with the center on top of the surface low-Al atom at rotational angle of 30o. (B) Relative 
energies as a function of rotational angles of the adsorption structure shown in (A). The relative 
energies with C1 and C2 atoms on top of low-Al atom are also shown for comparison. 
 
 



 

 

 
 

 
Fig. S3. The relaxed geometries of graphene cluster C24H12 on Al2O3 (0001) surface without 
constraint. The atomic structure of graphene cluster C24H12 on Al2O3 (0001) surface at 
rotational angles of 0o (A) and 30o (B). The arrows denote the C atoms that are almost on top 
of the surface low-Al atoms. 
 
 

 

Fig. S4. Raman spectra of the temperature-dependent growth of graphene on sapphire. All the 
spectra have been normalized to G-band intensity of each spectrum. The D-band intensity 
decreases with elevating temperature, indicative of the reduced defect densities in graphene. 
 
 
 

 

 

Fig. S5. SEM images of as-grown graphene on the Al2O3 (0001) substrate measured at 
representative positions with increased growth time. The evolutions from individual domains 



 

 

to continues film with increased growth time of 10 min (A), 15 min (B), and 30 min (C), 
respectively, (1400 °C, 2000 Pa, Ar/H2/CH4: 1000/500/1100 sccm). Scale bars: 20 μm. The 
formation of such quasi-rectangle shaped graphene domains is a consequence of the high 
energy barriers of a graphene bridging the Al2O3 steps (fig. S13) in the forward direction and 
relatively fast propagation on the plateau in between neighbouring step.  

 
 

 
Fig. S6. XPS spectra of the directly grown graphene/sapphire sample. (A) Full-range XPS 
spectrum of the directly grown graphene on sapphire. (B) C 1s XPS spectrum shows the 
characteristic signals of graphene with a predominant sp2 carbon peak (~284.8 eV) and a weak 
C–H peak (285.5 eV). Because the C 1s peak of graphene is usually asymmetric (49), we used 
an asymmetric line shape for fitting the spectrum (50).  
 

 

 
Fig. S7. Raman D, G and 2D band intensity map of as-grown graphene films on sapphire by 
electromagnetic induction heating cold-wall CVD. 
 



 

 

 
Fig. S8. Typical UV–vis spectrum of as-grown graphene film.  

 

 

 

 

 

 

Fig. S9. Typical SEM image of the conventional hot-wall CVD derived graphene film on 
sapphire (3-inch sized quartz tube chamber; 1100 °C; Ar/H2/CH4: 500/50/12 sccm; 120 min). 
The black spots are the amorphous carbon/multilayer region originating from the rampant gas-
phase side-reactions.  

 

 



 

 

 

Fig. S10. SAED patterns of graphene. (A) TEM image of the as-grown graphene film after 
transferring onto a copper grid. (B-H) The remaining images are the SAED patterns of 
graphene collected in such an area. 
 
 
 
 
 

 

Fig. S11. Typical SAED pattern of conventional hot-wall CVD derived graphene film on 
sapphire (3-inch sized quartz tube chamber; 1100 °C; Ar/H2/CH4: 500/50/12 sccm; 120 min).  
It can be observed that multiple sets of diffraction points are presented, indicating that low 
temperature growth usually leads to a polycrystalline film consisted of randomly orientated 
small domains. 
 



 

Fig. S12. An atomically resolved STM image of the domain boundary of as-grown graphene 
on sapphire, showing the seamless stitching growth mode. 

Fig. S13. SPM images of the graphene directly grown on Al2O3. (A) AFM height image of 
the graphene/sapphire substrate upon CVD reaction, demonstrating the formation of atomic 
terraces of Al2O3 after graphene growth. (B) STM image of the graphene crossing over the 
step of Al2O3. 



 

 

 

Fig. S14. Resistance of graphene vs. top-gate voltage curve. The nonlinear fitting of mobility 
is ~9500 cm2 V–1 s–1 (T = 300 K). 
 

 

 

 

 

 

 

 

 

Fig. S15. AFM height image of a sapphire surface after annealing in a H2/Ar atmosphere at 
1400 °C for about 5 min, showing a clean and atomically flat surface. 
 

 
 

 



 

 

Table S1. Comparison of the carrier mobility values between our directly gown graphene on 
sapphire in this work and previously reported graphene grown on typical dielectric and catalytic 
substrates. 

 This work Sapphire SiO2 BN Cu Ni 

Carrier 

Mobility 

(cm2 V–1 

s–1 ) & 

(Carrier 

Density 

(cm−2)) 

at 300 K 

9500 

(9.0×1011) 

3000 (4.5 × 

1011) (30); 

370 (none) (32);  

2000 (3 × 1011) 

(33) 

 

531 (none) (18); 

900 (none) (23); 

3800 (none) (25) 

17000 (none) 

(51) 

4365 (0.9 to 

2.6 × 1012) 

(52); 

11000 

(none) (53) 

3700 

(9.0×1012) 

(16) 

 
 

 

 

Table S2. Comparison of methodology features between our developed growth strategy and 
previously reported epitaxial growth on SiC, demonstrating the advantages of our strategy in 
terms of low cost and high efficiency in obtaining high-quality graphene films. 

 Cost of 

substrate 

Growth 

Conditions 

ID/IG Mobility (cm2 V–1 s–1) & 

(Carrier Density (cm−2)) 

at 300 K 

Uniformity 

(coverage of 

monolayer) 

Potential 

Applications 

This 

Work 

~10 $ (2 in.); 

~20 $ (4 in.) 

1400 °C,  

0.5 h,  

2000 Pa  

<0.05 9500 (9.0×1011) >95 % high 

frequency 

transistors; 

transparent 

electrodes; 

LED; 

microelectro

nics 

Epitaxy 

on SiC 

~300 $ (2 in.); 

~650 $ (4 in.) 

>1500 °C, 

0.2-1 h,  

Ar 

atmosphere 

(9,38); High 

vacuum (0.1-

10−4 Pa) (8)  

0.05-

0.15 

(9, 

54, 55) 

5,800 (~2  × 1012) on Si face 

(8);  

150,000 (~1.5  × 1012) on C 

face (8); 

1,660 (1.79 × 1012) on Si face 

(9);  

2800 (8.1  × 1011) on Si face 

(11); 

900  (1 × 1013) on Si face (38); 

2,500 (none) after transferring 

on SiO2 (55) 

 

~85% (38) transistors; 

customer 

electronics 
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