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Figure S1 Single crystal graphene growth on the Ge substrate. Schematic illustration for 

the growth of graphene film using double-zone LPCVD. First, we prepared Ge substrate; to 

obtain high-quality graphene, the Ge (110) (0.5 mm-thick, n-type Sb doped) substrate was 

loaded in Zone 2 after the cleaning process (cleaned by ethanol, acetone, and methanol by 

ultrasonic for 10 min, respectively and then organic impurities are removed through O2 plasma 

treatment). The temperature and pressure of Zone 2 were maintained at 920 °C and 100 Torr, 

respectively, and an H2/CH4 (99.999%, 200/4 sccm) mixture gas was introduced. After the 

growth process was completed, Zone 2 was rapidly cooled to room temperature in the H2 

atmosphere.   
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Figure S2 Uniform growth of a-BN film on the substrate. (a) Photo image of a-BN grown 

SiO2/Si substrate (1.5 x 1.5 cm2). (b) AFM image of the as-grown a-BN surface obtained from 

the region indicated with a white arrow in (a). We observed that the average root mean square 

(RMS) roughness of the a-BN measured by AFM is about 413 pm. (c,d) Height statistical 

analysis of a-BN samples. We prepared 15 a-BN samples under the optimized growth condition 

as described in main text and measured the height of them. Average thickness of a-BN film is 

about 20.0 nm, and its standard deviation is 1.1 nm. 
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Figure S3 Fabrication process for Gr/SiO2 and a-BN/Gr/a-BN FET devices. (a) Schematic 

illustration for encapsulation and device fabrication processes of a-BN/Gr/a-BN. (b) Schematic 

illustration for device fabrication processes of Gr/SiO2. For comparison, we fabricated a 

graphene FET device based on Gr/SiO2 sample. After graphene is grown on Ge substrate, we 

spin-coated PMMA on the graphene and baked at 120°C. The bottom Ge substrate was etched 

away by the mixture of H2O2 and HF solutions. The PMMA/Gr films were then floated on the 

DI water for 10 min and transferred onto the SiO2/Si substrate. The two-terminal structure was 

patterned by standard photolithography (width: 2.0 m and length: 3.0 m). A thermal 

evaporator was used to deposit 15 nm Cr and 85 nm Au metals as metal electrodes for the 

source and drain of the FET devices. The graphene FET (GFET) was annealed at 180 °C for 

1.5 hours to enhance the adhesion between the electrodes and the graphene channel, and to 

eliminate the oxygen functional groups adsorbed on the graphene surface 
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Figure S4 O1s peak acquired from the bare SiO2/Si substrate. 

 

 

Figure S5 Cross-sectional HR-TEM image of the a-BN film on a Si substrate. (a) low-

magnification and (b) high-magnification cross-sectional HR-TEM image of a-BN film on Si 

substrate for capacitance measurements. It should be noted that three a-BN samples were 

obtained from the same batch. 
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Table S1. Comparison of the carrier mobility of reported GFET with h-BN. 

Device structure Type of h-BN 
h-BN growth 

temperature 

Type of 

Graphene 

Mobility 

(cm2/Vs)@RT 
Ref 

Gr/h-BN 
Mechanical 

exfoliation 
N/A 

Mechanical 

exfoliation 
< 140,000 [1] 

Gr/h-BN 
Mechanical 

exfoliation 
N/A 

Mechanical 

exfoliation 
28,630 [2] 

Gr/h-BN 
Mechanical 

exfoliation 
N/A 

Mechanical 

exfoliation 
6,000 [3] 

h-BN/Gr/h-BN 
Mechanical 

exfoliation 
N/A 

Mechanical 

exfoliation 
< 120,000 [4] 

h-BN/Gr/h-BN 
Mechanical 

exfoliation 
N/A 

Mechanical 

exfoliation 
< 100,000 [5] 

h-BN/Gr/h-BN 
Mechanical 

exfoliation 
N/A 

Mechanical 

exfoliation 
36,000 [6] 

h-BN/Gr/h-BN 
Mechanical 

exfoliation 
N/A 

Mechanical 

exfoliation 
4,000 [7] 

h-BN/Gr/h-BN 
Mechanical 

exfoliation 
N/A CVD 70,000 [8] 

h-BN/Gr CVD 
Commercial  

Product 
CVD 5,000 [9] 

h-BN/Gr CVD 
Commercial 

Product 
CVD 4,140 [10] 

h-BN/Gr CVD 
Commercial  

Product· 
CVD 3,150 [11] 

a-BN/Gr/a-BN LPCVD 250˚C CVD < 17,000 
This 

work 
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Table S2. Comparison of the different growth methods for a-BN films   

Method Growth Temp. (Pressure) Properties of a-BN Ref 

PVD 

(PLD1)) 
200 oC (50 mTorr ) 

Dielectric constant 5.9±0.7 at 1 kHz 

Breakdown voltage 9.8±1.0 MV/cm  
[12] 

PVD 

(PLD) 

200 oC (5 - 100 mTorr) 

+ 400 oC post-annealing process 

Mobility enhancement of the graphene by 

capping of the a-BN film (single-side) 
[13] 

PVD 

(MS2)) 
500 oC (0.5 Pa) 

vacuum-ultraviolet photodetection  

photo-responsivity 4.8 μA/W at 10 V  
[14] 

ICP-CVD3) 400 oC (> 0.1 mTorr) 
Dielectric constant 1.16 at 1 MHz 

Breakdown voltage 7.3 MV/cm 
[15] 

ICP-CVD 400 oC ( 1.4 Torr) Dielectric constant 2.11 at 100 kHz [16] 

PECVD4) 350 oC (N/A) 
Bandgap 5 eV 

Breakdown voltage 2.2 MV/cm 
[17] 

LPCVD5) 500 oC (N/A) 
Mobility enhancement of the 2D materials by 

capping of the a-BN film (single-side) 
[18] 

LPCVD 250 oC (110 Torr) 

Dielectric constant 1.25 at 1 MHz 

Mobility enhancement of the graphene by 

encapsulating of the a-BN film 

This 

work 

 

1)PLD: Pulsed Laser Deposition; 2)MS: Magnetron sputtering; 3)ICP-CVD: Inductively Coupled Plasma Chemical 

Vapor Deposition; 4)PECVD: Plasma Enhanced Chemical Vapor Deposition; 5)LPCVD: Low Pressure Chemical 

Vapor Deposition  
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