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1. Fractals Shapes of Graphene 

Fractal-shaped graphene domains can be observed in the commonly CVD growth experiments. 

As shown in Figure S1, the graphene exhibits branch shape, 4-fold symmetric pattern, and self-

similarity.  

Figure S1. Various fractal-shaped graphene samples synthesized by the CVD method. 

 

2. The detailed information of 2D-DLA Model  

2.1. The Building Processes of 2D -DLA 

Let us define N by N as the effective area, where N denotes the side length of the squared 

substrate. Assume that the defect is located at the center of the effective area, attracts the first 

carbon atom, and becomes the nucleus. Due to sp
2
 hybridization of carbon atoms in graphene, 

every atom possesses three empty valence bands (tentatively called vacant seat), which span 120 

degrees with one another. This nucleus carbon atom thus provides three vacant seats to 

accommodate three free atoms, with the fourth bond anchored with the defect. In a stochastic 



     
manner, carbon atoms located on the boundary start entering the effective area and roaming 

according to the Brownian motion, as aforementioned. Once entering the interactive range of the 

nucleus atom, a free atom will be judged which vacant seat it approaches most closely and 

occupies that seat. At this moment, the number of total available vacant seats becomes five (3 + 

2). As time elapses, such a process will be similarly repeated by other free atoms, and the 

graphene domain gradually grows.  

 

2.2. The Comparison of traditional DLA with 2D-DLA 

In this study, based on the traditional DLA approach, considering the special growth mechanism 

of 2D materials, we proposed the 2D-DLA model, which is different from the traditional DLA in 

modeling structures and computational algorithms. To further clarify the difference, we list 

several main points between traditional DLA and 2D-DLA in Table 1, as well as provide a more 

intuitive schematic in Figure S2. 

 Traditional DLA 2D-DLA 

Particle-released 

Mode 

In the general simulations of the 

traditional DLA approach, the free 

particles are usually released from the 

edge of the effective area, and then 

diffuse to inner to interact with others. 

In the simulations of 2D-DLA model, 

the active atoms can be released in 

2D-released mode (from the edge), or 

quasi-3D released mode (from the 

surface), which depends on the real 

growth situation of the simulated 

physical process. 

Simulation-mesh 

Transform 

Commonly, the primary effective-area 

mesh grid in traditional DLA-

approach simulation is defined as the 

orthogonal-space grid (     ), 

which is suitable for most particle-

condensation cases. 

Due to the unique bond structures and 

sp
2
 hybridized electronic orbitals in 

2D materials, in the simulations of 

2D-DLA approach, the basic 

effective-area mesh grid is defined as 

the hexagonal-space grid          . 

Recrystallization 

Process 

In most fundamental DLA 

simulations, in order to obtain the 

results of the ideal case, people 

usually simplify the growth process 

and mainly focus on the condensation 

process. 

As one of the most crucial parts in the 

2D-DLA, the recrystallization 

process, which is concluded from the 

real-growth situation of most 2D 

materials in CVD, simultaneously 

considers the etching and 

condensation mechanisms to let the 



     
results more closed to the real 

situation. 

Other Points …  

In commonly-traditional DLA model 

simulations, the influenced factors are 

usually minimized to simplifying the 

calculations and shorting the code-

running time. 

In 2D-DLA simulations, considering 

extremely-environmental sensitivities 

of 2D-material CVD growth, as many 

external influenced factors, such as 

the gas-flow ratio, the growth 

temperature, and the environment 

pressure, are taken into account to 

obtain more reliable results. 

Table S1. Comparison between traditional DLA and 2D-DLA approach 

Figure S2. Schematic of traditional DLA and 2D-DLA models.” 

3. 2D-released Mode and Quasi-3D-released Mode     

In some particular situation, carbon atoms are limited to release from the edges of the substrate 

to the internal area, which is called 2D-released mode. The other mode named quasi-3D released 

mode, which describes carbon atoms are randomly released from everywhere of the substrate 

surface without limitation (Figure S3). 

 



     
 

 

 

Figure S3. Schematic of 2D-released mode and quasi-3D released mode. 

 

4. Fractal Tree Simulations   

Fractal tree pattern is a typical simulation shape of fractal geometry in molecular dynamics 

simulations by traditional DLA, shown in Figure S4. (Particle number = 10
4
)  

Figure S4. Simulations results of fractal tree in traditional DLA model 



     
 

5. Sapphire-Copper (Al2O3/Cu) Substrate 

We design a specially composed substrate by place a small size sapphire on the surface of the 

copper substrate. Due to the generation of carbon atoms is only able to happen on the copper 

surface, in this structure, the carbon atoms are limited to diffuse into the internal area (covered 

by sapphire) from the edge, resulting in the realization of 2D released mode. (Figure S5) 

Figure S5. Schematic of designed Al2O3/Cu substrate (a), 2D-released mode (b) 

 

6. The Synthesis of Graphene on Copper Foil Substrates 

Graphene was synthesized on the inner surface of copper-foil pockets (25 m, 99.8 %, Alfa-

Aesar) at the temperature of 1030 ℃ in CVD by using mixtures of H2 and CH4. These copper 

foils were pretreated by (a) being dipped into aqueous 0.03 g/ml ammonium persulfate 

((NH4)2S2O8) solution for 6 minutes, (b) being rinsed in deionized water to remove the residual 

APS, and (c) being dipped again in ethanol to clean the surface of copper foils. 



     
The integrated CVD process (Figure S6) consists of three parts: (a) heating and annealing 

process: copper foils were placed on a quartz boat, which was then pushed into the tube chamber. 

And then the chamber was depressurized from 10
5
 pa to 0.8 pa. Next, the chamber was heated up 

to 1030 ℃ by a furnace with H2 flow; (b) growth process: graphene grew on copper foil with the 

mixture of CH4 and H2 flow. (c) cooling process: The tube chamber was cooled rapidly with the 

mixture gas which was the same as that used in (b) (Figure S7).  

Figure S6. Schematic CVD systems of graphene synthesis. 

Figure S7. Time-evolution diagram of gas flow and temperature for the CVD process. 



     
 

7. Processes of Transferring Graphene to SiO2/Si Substrates 

(1) We grew graphene on the pocket of copper foils and selected the inner one because of its 

relatively high quality. 

(2) We coated graphene with PMMA solution (PMMA/graphene/copper foil), and heated 

samples at 120°C for 20 minutes. 

(3) We turned samples upside down and placed them on the surface of (NH4)2S2O8 solution for 3 

hours. In the subsequent step, copper foils will be removed by the electrochemical reaction with 

aqueous 0.03g/ml (NH4)2S2O8 solution. The residual (NH4)2S2O8 was eliminated as we dip 

graphene/PMMA films into deionized water. While samples floated on the surface of 

(NH4)2S2O8 solution, we picked them up every 6 minutes, flushed away amorphous carbon that 

was diffused into copper during the CVD process, and then returned them to the (NH4)2S2O8 

solution surface. Near the end of these 3 hours, it was guaranteed that all the copper had been 

removed. Next, we picked up samples again and transferred them to the surface of deionized 

water to remove the residual (NH4)2S2O8. 

(4) We clamped the SiO2/Si square sheet (1cm
2
), dipped it into the deionized water, and spooned 

the graphene from underneath. At this juncture, graphene was naturally situated on the SiO2 

sheet, allowing the dry-up process to take place for one hour. This slowness of dry-up process 

enabled the moisture trapped between the SiO2 sheet and graphene to escape so that the escape 

motion would not rupture graphene. Then, we placed samples into the oven and baked them at 

120 °C for 30 minutes, in order to increase adherence between graphene and SiO2. 

(5) We sank samples to the bottom of a container that was filled with acetone. For every 15 

minutes, we replaced the portion T of the used acetone with a fresh portion in order to prevent 



     
samples from contacting the air. After repeating this replacement procedure four times, we left 

the container system for 24 h and replaced the portion of the used acetone with a fresh portion. 

We performed the 24-hour replacement process three times and used alcohol to rinse sample 

surfaces. Finally, we placed samples in the CVD tube chamber, depressurized the chamber air 

down to 0.7 pa, heated the chamber to 1000 °C with the 20-sccm flow of hydrogen for 30 min to 

remove residual PMMA, cooled down the chamber to the room temperature, and acquired our 

final graphene product. The transfer method of h-BN is similar to that of graphene. (Figure S8) 

 

 

Figure S8. Schematic flowchart of transferring graphene to SiO2/Si substrates. 

 

8. The Synthesis of h-BN on Copper Foil 

Borane-ammonia (97 %, Aldrich) was supplied as the precursor which placed in an Al2O3 boat 

for h-BN growth (Figure S9). Borane started to dissociate, and the products were carried into the 

chamber in H2 flow by heating the precursor to 90 °C. After growth, both the heating furnace and 

the heating lamp were quickly cooled down to room temperature.  



     
 

Figure S9. Schematic CVD systems of h-BN growth. 

 

9. The Synthesis of MoS2 on SiO2/Si Substrates 

MoO3 powder and sulfur powder were supplied as the precursor for MoS2 growth. The MoO3 

powder was placed in an Al2O3 boat, and the SiO2/Si substrate was faced down and mounted on 

the top of the boat. A separate boat with sulfur powder was placed next to the MoO3 powder. 

Then, the reaction chamber was heated to a growing temperature (600 - 800 °C) with a ramp rate 

of 50 °C min
-1

. Flow rates of Ar/H2 can be found in table S1. After growth, the heating furnace 

was quickly cooled down to room temperature. (Figure S10). 

Figure S10. Schematic of CVD systems for MoS2 synthesis. 

 

10. Fabrication of Graphene-FET 



     
Firstly, high-quality multi-layered h-BN was transferred onto the top surface of 300-nm SiO2/Si 

substrate. Then, we transfer the monolayer graphene, grown on copper foils by CVD, onto h-

BN/SiO2/Si structure. Finally, copper electrodes were deposited on the graphene surface by 

electron-beam lithography (EBL). 

 

11. Calculation of the Charge Carrier Mobility in Graphene  

Carriers transport in G-FET can be described by the drift-diffusive model, the total resistance of 

device can be given by  

          
  

  

 

   
,                                                         (1) 

where    denotes the contact resistance between source/drain and graphene,    and    are 

length and width of graphene channel,   and n are mobility and concentration of carrier (electron 

or hole), respectively, and q the element charge. The 
  

  

 

   
 term represents the resistance of the 

graphene channel under gate control. Therefore, we need to obtain the value of n before 

retrieving  . Generally, it is impossible to give the exact value of n because n is calculated by the 

analytic equation and not easy to express just through simple analytic expressions. But especially 

in G-FET, the Fermi level of graphene can be assumed that is identical to the Dirac level, and the 

energy gap is zero. The carrier concentration can be given by 

   ∫           
 

      
,      (2) 

where      is the linear density of states in graphene,      is the Fermi-Dirac distribution 

function, and        = 0 is the reference of energy which is chosen for convenience. The intrinsic 

carrier concentration can be given by 

   
 

 
 
   

   
  ,      (3) 



     
where    denotes the Boltzmann constant, T is the temperature,   is reduced Planck constant and 

             is the Fermi velocity of graphene.  

The G-FET behaves as a capacitor, in which graphene and p-type silicon behave as conductive 

boards. Under such conditions, n, the carrier concentration can be expressed as 

  
 |         |

 
                 (4) 

where               denotes the capacitance of 300 nm SiO2 and        is the value of 

gate voltage when          . 

Then we can plot        vs. 1/n curve through the data that we obtained from measuring. If the 

       vs. 1/n curve becomes linear, its slope will reflect the mobility  . (Figure S11)  

Figure S11.        vs. 1/n curve with the liner fitting by MATLAB.  

12. Fabrication of h-BN Capacitor and MoS2 FET 

To prepare the capacitor, the h-BN film was transferred to Si/SiO2 with Au stripe electrodes (40 

nm thick, 200-900 m wide, and 18 mm long). After removing the PMMA from the h-BN film, a 

top Au (40 nm thick, 200 m wide, and 18 mm long) electrode was deposited on the h-BN film 

by an e-beam evaporator. Similarly, MoS2 monolayers synthesized on degenerately doped silicon 

substrates covered with 300-nm-thick SiO2. Electrical contacts were fabricated using electron-



     
beam lithography followed by deposition of 50-nm-thick gold electrodes. The device was then 

annealed at 200 ℃ to remove resist residue and decrease contact resistance. (Figure S12) 

Figure S12. Schematics of the h-BN capacitor and MoS2 FET. 


