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Abstract. Finite element methods based numerical simulations and experiments are conducted to systematically

investigate the influence of temperature distribution and working gas flow to the growth of epitaxial graphene on SiC. It

demonstrates the key role of temperature uniformity on the sample, which determines the coverage rate and quality of the

grown graphene, as well as Ar flow for regulating the silicon partial vapour pressure. An optimized crucible was designed

accordingly, which is successfully applied to prepare high coverage epitaxial graphene on the (0001) facet of SiC with

great uniformity. Those insights might benefit the large-area high-quality epi-graphene growth for future industrial

applications.
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1. Introduction

Graphene is a two-dimensional material with a honeycomb

lattice formed by carbon atoms [1, 2]. In the past decades,

great attention has been paid to its extraordinary electrical

[2, 3], optical [4, 5] and mechanical properties [6] as well as

the broad spectrum of its potential applications, including

gas sensors [7], field-effect transistors (GFET) [8] and

integrated circuits [9]. However, one of the most critical

prerequisites for realizing those applications is the uniform

large-scale growth of graphene on an insulating substrate

[10]. In 2004, based on previously reported methods

[11, 12], de Heer’s group [2] proposed an improved epi-

taxial approach for graphene growth directly on silicon

carbide (SiC) at moderate vacuum conditions with con-

trolled background gas [13]. Many other methods have been

used to study the growth of graphene, such as polymer-

assisted sublimation growth [14], growth in different envi-

ronments [15], etc. Specifically, epi-graphene refers to the

epitaxially grown graphene on the silicon-terminated face

(0001) of 4H and 6H SiC. In that approach, during the

heating process, silicon atoms on the surface of SiC after

chemical mechanical polishing are sublimated, and the

remaining carbon atoms reconstruct to form graphene

[11, 16, 17]. Since epi-graphene is directly grown on the

semiconducting/semi-insulating substrate, it ultimately

avoids defects and contamination that could occur during

the graphene transfer process [18].

Graphene grown with an original crucible is non-

uniform, as shown in supplementary figure S1d. Raman data

are shown in supplementary table S1. The simulation results

in supplementary figure S1c show that the temperature

difference on SiC inside the crucible is as high as 20�C. The
low temperature region grows monolayer graphene, and the

high temperature region grows multilayer graphene. The

uniformity of temperature and gas flow field largely

depends on the structure of the graphite crucible, which is

used as the heating container for SiC wafers [10, 19].

Understanding the mechanism of epi-graphene growth is

crucial to optimize the crucible design for achieving the

required uniformity. However, real-time measuring of the

distribution of the temperature and gas flow inside the

crucible remains challenging. Additionally, they are

strongly coupled, so a little perturbation of one parameter

will change the other. Hence, in this work, finite element

methods were employed to elucidate this multiple-field

process. Based on a systematic study of the aforementioned

process and a series of comprehensive optimization
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procedures of the growth parameters, a new graphene

growth crucible was designed. It realized full coverage and

uniform graphene growth on SiC.

2. Experimental

The graphite crucible constructed in this work is shown in

supplementary figure S2, and the geometry of the SiC

wafer, its influence on gas dynamics, the coupling between

the gas flow and the temperature distribution were consid-

ered. It consists of a top cover and a base with a rectangular

groove instead of the traditional one-body cylindrical

structure. At the bottom of the groove, there is another

embedded shallow groove for placing the SiC sample. Two

holes are drilled in the front and back of the rectangular

groove as gas channels. In the experiment, the heater of

EASYHEAT LI 8310 is adopted, the parameters of the

heater are shown in supplementary table S2.

For growing epi-graphene, a SiC wafer is cleaned by a

three-step ultrasonic process in which acetone, ethanol and

deionized water are used sequentially. Then the wafer is

placed on the shallow groove of the crucible with the Si-

terminated face upwards. The crucible is put into a quartz

tube and positioned in the centre of the induction coil.

Before growth, the crucible is pre-heated inside high vac-

uum to eliminate water and other impurities. For compar-

ison, epi-graphene was grown in two conditions: (1) with Ar

flow at 1 atmosphere, and (2) inside high vacuum

(10-6 mBar). In the former case, after pumping out the air

from the quartz tube and completing the degassing at

850�C, the process was immediately followed by filling up

with Ar and rapidly heating the system to the target tem-

perature for epi-graphene growth.

In general, the growth process can be divided into four

stages, which are represented as the temperature curve in

supplementary figure S3. In the first stage (degassing), the

crucible is heated up to 850�C for 30 s and maintained for

1200 s to reduce the remaining water, oxygen, polymers

and other impurities on the inner surface of the crucible and

the substrate [20]. In the second stage, the temperature is

raised up to 1200�C at a rate of 10�C s-1 then kept for

1200 s. At this stage, step flow occurs on the SiC surface. In

the third stage, the graphene growth happens after raising

the temperature to 1590�C at a rate of 10�C s-1 and then

kept for 2400 s. Finally, the induction furnace is shut down

at the end of the third stage, and the sample is cooled down

to room temperature naturally.

To study the influence of temperature and Ar flow on

graphene uniformity and optimize the design of the cru-

cible, numerical simulations of temperature and gas flow

field in and out the crucible were carried out through finite

element methods by using COMSOL Multiphysics. The

model includes the graphite crucible with SiC wafer inside,

the quartz tube and the water-cooled induction copper coil,

as shown in supplementary figure S4. The critical

parameters of the model are listed in supplementary

table S2. The material types of each part in the model are

listed in supplementary table S3.

The physical fields considered in the simulation are the

flow field of Ar, the RF electromagnetic field produced by

the coil, the inducted electric field in the crucible and the

temperature field. The couplings between temperature field

and the gas flow field were taken into account through

iterations embedded in the software. The mesh sizes vary

according to the components sizes to guarantee the accuracy

with rational use of the computational resource.

3. Results and discussion

3.1 Electromagnetic heating process

The simulation of magnetic flux density is shown in sup-

plementary figure S5a, and the induced current density is

shown in supplementary figure S5b. The magnetic flux is

concentrated in the middle of the coil, which is generated by

RF current source. However, the magnetic field is weak

inside due to the shielding effect caused by the induced

current in the crucible. This current also produces Joule

heating to the crucible to reach a temperature of over a

thousand degrees Celsius within a few seconds.

To maximise the load power and achieve the homo-

geneity of the crucible heating, the correct selection of the

geometry of the crucible relative to the dimensions of the

inductor for good impedance match is necessary and

important. The dimensions of the inductor are shown in

supplementary figure S6. To obtain an optimized design

regarding the highest temperature uniformity and impe-

dance match, several cylindrical graphite crucibles with

different geometric parameters, including length (L) and

radius (R) of the bottom surfaces, are simulated under the

same RF current and frequency. The results are shown in

figure 1a and b. The increase of L will lead to the decrease

of temperature of the crucible, while the temperature will

increase with the increase of R. Both the increase of L and

R will enlarge the temperature differences (Here, assuming

all the RF power input is converted into heat). Figure 1c and

d shows the temperature dependence on crucible volume

and the ratio L/R, which indicates that the highest temper-

ature appears at L/R equal to 3. When keeping the volume

of the crucible as a constant, the minimum temperature

difference is obtained at the L/R ratio of 2, it demonstrates

that the temperature of this size crucible is uniform. As

shown in figure 1e, with the lengthened crucible, the tem-

perature rises and then drops. When the crucible length

ranges from 14 to 18 mm, the temperature is relatively high,

which indicates the best impedance match between the RF

generator and the load. In our final design, the chosen length

of the crucible is 17 mm. L/R is between 2 and 3, the cru-

cible and the RF power supply output impedance match

well; meanwhile, the temperature difference is relatively
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Figure 1. The calculated maximum and minimum temperatures inside the crucible with different geometric parameters: (a) at

R = 6 mm, (b) at L = 17 mm, (c) at L/R = 3 and (d) at volume = 3231.1 mm2. The illustrations in (a) and (b) are a schematic diagram

of a crucible, showing the distribution of high temperature (HT) and low temperature (LT) of the crucible. (e) The actual

experimentally measured temperature of crucible at different lengths with geometric parameters R = 5.17 mm (the input power is

649.4 W).
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small, which ensures excellent temperature uniformity of

the crucible and is benefit to uniform growth of graphene.

3.2 Epi-graphene growth on SiC

Step bunching occurs on the surface of the Si-face of SiC

during annealing, which results from the minimization of

surface free energy [21]. When cutting along the crystal

plane, the surface will have a small miscut angle. After

chemical mechanical polishing, the surface morphology of

the Si-face presents an array of Si-C bilayer steps [22]. Due

to the different atomic stacking order of the 4H-SiC, the

surface energy between SiC bilayers steps is different,

therefore, they flow at different rates [23]. When the tem-

perature exceeds 1000�C, the surface oxides can be

removed to avoid affecting the graphene growth [13, 24].

Due to the low coordination number of atoms at the edge,

dislocations, defects and micropores, those structures are

more unstable and tend to relax [25]. When wafer temper-

ature is high enough, step flow start and will readily mini-

mize the surface free energy [26], consequently releasing

defects [25], improving the surface quality and enhancing

its uniformity. Upon the same causes, SiC is preferentially

decomposed from the edge of the steps, micropores and

other sites with low atomic coordination number [25].

Furthermore, the Si atoms sublimate from the substrate

leaving C atoms on the surface to form a C-rich layer and

reconstruct to form graphene [13, 27].

3.2a Epi-graphene growth in vacuum: Graphene growth

was directly carried out in vacuum to explore the

dependence of graphene coverage rate on the inner

temperature uniformity inside the crucible. A model of

the coupled field of temperature and heat transfer speed was

adopted. The temperature field and its x–y plane projection

of the proposed crucible are shown in figure 2a and b.

Although the temperature of the whole crucible ranges from

1462 to 1578�C, it is very uniform inside. The temperature

distribution on the SiC surface is shown in figure 2c, where

it varies from 1554.1 to 1554.9�C, which is within 1�C or

less than 0.064% variation. Moreover, the temperature on

the SiC surface along the x and y directions are presented in

figure 2d, which indicates that the high-temperature areas

are located at the two sides along the y-direction, and the

low-temperature areas are along the x-direction. In vacuum,

there are two main heat transfer channels: one is diffusion

through solid–solid contact, which happens at the surface

between SiC and the crucible and the other is radiation,

which occurs between the crucible inner surface and the

SiC, it can be quantified according to equation (1) as

follows:

E ¼ eSiCT
4
SiC � ecrucibleT

4
crucible

� �
rS; ð1Þ

where E is the pure gain radiation power of the sample, eSiC
and ecrucible are the emissivity of the SiC and graphite

crucible, respectively, r is Stefan–Boltzmann constant and

S the sample surface area.

Lateral force microscopy imaging of different locations

(represented by the blue squares) in supplementary

figure S7a are shown in supplementary figure S7b of the

sample grown in vacuum. The coverage rate of the epi-

graphene at each location ranges from 96.2 to 97.1%. The

measured Raman spectra of ten points (black circles in

supplementary figure S7a) are presented in supplementary

figure S7c for layer number evaluation [28], which is

summarized in supplementary table S4. It indicates that

multilayer epi-graphene covers more than 96% of the sur-

face. Owing to the minimal temperature differences over

the surface, the coverage is rather uniform, but with variable

number of layers due to the difficulty in controlling silicon

evaporation in vacuum [29, 30] making it hard to grow

uniform single-layer graphene on a large scale.

3.2b Epi-graphene growth in Ar flow: In order to unveil

the process of epi-graphene growth in the presence of Ar

flow, a non-isothermal flow field and temperature field

coupled model was employed for simulation. The

temperature distribution of crucible and tube are

illustrated in figure 3a–c, respectively. Ar with a flow rate

of 400 sccm is heated from room temperature to more than

1400�C when passing through the crucible. As shown in

figure 3c, there is a 6.5�C temperature difference along the

SiC varying from 1551 to 1557.5�C, which is larger than

that in vacuum. However, all in all temperature distribution

are similar as shown in figure 3d. The enlarged temperature

difference on the SiC substrate is mainly due to the heating

transfer effect of Ar.

The simulated Ar flow on the x–y plane above the SiC

surface is shown in figure 3e. It clearly shows that the flow

rate outside the crucible is 3 orders of magnitude higher

than the flow rate inside the crucible. The density of the

arrows represents the intensity and direction of the gas flow,

as shown in figure 3f and g. The middle along the

x-direction has higher flow rate than that area closes the

wall of crucible. The direction of Ar flow inside the crucible

is parallel to the x-direction. The flow rate distribution along

x and y directions are displayed in figure 3h. In x-direction,
the flow rate is between 0.85 and 0.95 mm s-1. And, as

expected, it is higher at the inlet and outlet than in the

middle. In y-direction the flow rate ranges from 0.4 to

0.9 mm s-1.

The blue squares in figure 4a and b show LFM images of

epi-graphene grown in the Ar flow with the newly designed

crucible. It demonstrates that the coverage rates of graphene

were 93.9, 95.0, 95.9 and 94.9% in the areas (i), (ii), (iii)

and (iv), respectively. There are three contrasts in LFM, the

dark areas with large coverage are monolayer graphene. A

few of darker areas are where the second layer of graphene

has just begun to grow. The black circles in figure 4a and c

show the locations where Raman spectra were taken. The

shifts of 2D peak indicate the stress and stretch of graphene
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(Ar-2 and Ar-6 in figure 4c). Full-width at half-maximum

(FWHM) of each measured 2D peak and the number of the

graphene layers are listed in table 1. It demonstrates that the

graphene grown under Ar flow has very high coverage, and

uniformity. Apparently, the temperature difference increa-

ses compared to the case without Ar, but the presence of gas

flow effectively diminishes the effect of temperature vari-

ation on the substrate to graphene growth.

The test results in figure 4 reflect the distribution of

graphene thickness on SiC. Single-layer graphene covers a

relatively large area on the sample surface, and most of it

are grown near the outlet of crucible and four corners of the

SiC substrate. The more samples have been characterized

and relevant data are summarized in supplementary

table S5. Supplementary figure S8 shows the LFM images

of small scale (2 9 2 lm) monolayer graphene grown in

argon. The measured Raman spectra show that out of ten

randomly selected points eight of them indicate the feature

of monolayer graphene, which can rationally be used for the

monolayer graphene coverage evaluation about 80%.

Moreover, bilayer graphene is mainly distributed near the

inlet and the two sides along the y-direction. When Si atoms

sublimate, they collide with the Ar atoms above, and some

of them fall back. The Ar stream carries more Si vapour

near the exit, which leads to the slower growth rate of that

region and consequently the growth of monolayer graphene

[31]. It also explains the preferential growth of single-layer

graphene with Ar than in vacuum. Additionally, the exis-

tence of Ar will effectively smooth the density variation of

silicon vapour above the SiC caused by temperature dif-

ferences. Therefore, it further improves the uniformity of

the grown graphene.

The preferential formation of bilayer graphene at the two

sides in the y-direction can be attributed to the combined

effect of high temperature and low Ar flow rate in those

areas. Therefore, even though the temperature of the test

point 1 (P1) is higher than the test point 4 (P4) by about

3.6�C, the graphene grown in the P1 region is still mono-

layer. Although the flow rate is low in P2 and P9, the

temperatures there are the highest of the sample (the dif-

ference between P1 and P2 is about 2.9�C). The higher

temperature leads to a faster growth rate of graphene, so

Figure 2. The calculated temperature distribution without Ar on (a) the surface of the crucible; (b) the x–y plane of the crucible;

(c) the surface of SiC, (d) in x and y directions of the sample.
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Figure 3. Calculated temperature distribution with Ar flow on (a) surface of the crucible and tube; (b) x–y plane of the crucible and
tube; (c) surface of SiC. (d) Temperature distribution in x and y directions. Simulated flow rate distribution at (e) x–y plane of the

crucible (f) above SiC. (g) Ar flow rate distribution on the SiC wafer. (h) Flow rate in the x and y directions.
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that it tends to generate bilayer graphene. Therefore, the key

to realize large area and high uniform graphene growth is to

fine tune the distribution of both temperature and gas flow

rate inside the crucible. Here, changing the structure of the

crucible has been proven as an effective approach to control

the temperature and the Ar flow rate.

Figure 4. LFM images of epi-graphene on SiC grown in Ar flow at the tested points (i), (ii), (iii) and (iv), whose locations are

indicated by blue squares in (a). (b) The coverage rates are (i) 93.9%, (ii) 95.0%, (iii) 95.9%, (iv) 94.9%. The area of LFM images is

30930 lm2. The black circles in (a) represent the tested points of the graphene for Raman spectra measuring. G peak is

1597 ± 5 cm-1 and 2D peak is 2715 ± 5 cm-1. The 2D peak shifts due to the presence of stress. (c) Raman spectra (after subtracting

the SiC signal) of each tested point on the epi-graphene grown in Ar atmosphere, where the spot size is 1 lm.

Table 1. FWHM of 2D peak in the measured Raman spectra at the tested points.

No. FWHM of 2D peak (cm-1) Layer No. FWHM of 2D peak (cm-1) Layer

P1 38 1 P6 36 1

P2 49 1–2 P7 36 1

P3 36 1 P8 36 1

P4 40 1 P9 43 1–2

P5 40 1 P10 37 1
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4. Conclusion

The dependence of epi-graphene growth on temperature and

Ar flow rate distribution has been systematically studied

through both experimental and numerical simulations.

Especially, the finite elements based numerical methods

were used for simulating the multi-field coupling problem.

Therefore, the temperature and gas flow rate distributions

are obtained simultaneously through active iterations. The

measurements of LFM and Raman spectra confirm the

correlation between the quality of epi-graphene grown on

SiC, such as the uniformity, coverage rate and number of

layers with the growing conditions. It unambiguously

demonstrates the decisive role of temperature uniformity of

the SiC surface on the uniformity and coverage rate of epi-

graphene, where the Ar flow inhibits the graphene growth

speed through changing the pressure of evaporated Si.

Accordingly, a newly designed crucible achieves a high

coverage of 94% in the optimized conditions with uniform

graphene layers (the occupation of single-layer graphene is

80%), which we hope can contribute to the industrial

application of epitaxial graphene.
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