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Controllable growth of vertically 
aligned graphene on C-face SiC
Yu Liu1,*, Lianlian Chen2,*, Donovan Hilliard1,3, Qing-song Huang4, Fang Liu1,5, Mao Wang1,5, 
Roman Böttger1, René Hübner1, Alpha T. N’Diaye6, Elke Arenholz6, Viton Heera1, 
Wolfgang Skorupa1 & Shengqiang Zhou1

We investigated how to control the growth of vertically aligned graphene on C-face SiC by varying the 
processing conditions. It is found that, the growth rate scales with the annealing temperature and the 
graphene height is proportional to the annealing time. Temperature gradient and crystalline quality of 
the SiC substrates influence their vaporization. The partial vapor pressure is crucial as it can interfere 
with further vaporization. A growth mechanism is proposed in terms of physical vapor transport. 
The monolayer character of vertically aligned graphene is verified by Raman and X-ray absorption 
spectroscopy. With the processed samples, d0 magnetism is realized and negative magnetoresistance is 
observed after Cu implantation. We also prove that multiple carriers exist in vertically aligned graphene.

Graphene is a 2D carbon allotrope with honeycomb monolayers. This kind of unique structure exhibits amaz-
ing electronic, photo-electric, magnetic, mechanical, and chemical properties1, which makes graphene one of 
the most interesting research areas since its discovery2. So far, by composite3,4, doping5 or structural control6–8, 
graphene has impacted various application fields, such as energy storage5–9, catalysis3, and biosensors4, and non-
volatile device10.

Vertically aligned graphene11 is a configuration of nearly free-standing graphene nanostructures as its internal 
graphene nanostrips are self-supporting, thus, limiting the influence of substrates. Its large surface-to-volume 
ratio and numerous reactive edges along with the extraordinary intrinsic properties of graphene bring potential 
applications in field emission sources12,13, electrodes for lithium-ion batteries14, thermal interfacial materials15 
and supercapacitors16–21. Currently, vertically aligned graphene can be prepared by several methods. Chemical 
vapor deposition can grow vertically aligned graphene on different substrates, so it can be used to decorate the 
surface to improve the performance of materials14,16,17,19–22; for a recent review, see the relevant part in ref. 23. 
Reprocessing obtained graphene is a practical way to produce massive samples rapidly15,18. Another sophisticated 
method fabricates vertical graphene arrays using chromonic liquid crystal precursors followed by carbonization24. 
Thermal decomposition of C-face or non-polar face (10-10)/(11-20) SiC can produce vertically aligned graphene 
sheets. As this method achieves high purity and alignments of the samples, such samples are well-suited to study 
the intrinsic properties of graphene11,25. With vertically aligned graphene on SiC, marvelous cold cathode field 
emission performance has been realized12,13. Anharmonic phonon effects have been observed in the temperature 
range between 79 and 773 K using Raman spectroscopy26. Intrinsic nonlinear diamagnetism has been verified 
along with other magnetic properties27,28. Moreover, anisotropic quantum transport has been revealed in verti-
cally aligned graphene on SiC as well as on Si substrates29,30.

Although the properties of vertical graphene have been studied well, its growth on SiC is hard to control and 
its growth mechanism is not clear, which will hinder its further development and application. To promote the 
potential application, it is necessary to determine how process parameters (such as temperature and pressure) 
affect the graphene growth. Here, we investigated the growth of vertically aligned monolayer-like graphene on 
C-face SiC. The influence of temperature, annealing time, temperature gradient, pressure, and crystalline quality 
of SiC substrates was studied. Based on the growth, the magnetism and transport properties in as-grown and 
Cu-implanted vertical graphene were explored.
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Results
Temperature and annealing time. To confirm the temperature threshold required to grow the vertically 
aligned graphene, the substrates were annealed at different temperatures for 2 hours between 1400 °C and 1900 °C. 
No graphene was obtained using temperatures of 1400 °C to 1600 °C. Vertically aligned graphene begins to grow 
when the temperature reaches 1700 °C. With further increasing temperature, graphene growth speeds up. We find 
that the growth rate increases with temperature. The height of the obtained graphene in different samples is listed 
in Fig. 1(a). According to this trend, a fully carbonized samples (usually around 330 μ m) is expected to be pre-
pared in 20 hours at a temperature of 2000 °C. We varied the initial annealing temperature to allow for a sharper 
temperature increase, i.e.: 1700 °C–1900 °C compared to 1800 °C–1900 °C. The results show that the graphene 
height is mainly determined by the final temperature.

Usually, epitaxial planar graphene is compact and it will prevent the vapor release, so planar graphene cannot 
grow too thick. However, the situation for vertically aligned graphene is unclear. Can tunnels inside the vertical 
graphene increase or decrease the sublimation rate? The vertically aligned graphene was prepared with anneal-
ing times varying up to 40 hours, as shown in Fig. 1(b). Graphene samples with a height of up to 241 μ m were 
obtained. The result demonstrates that the growth rate is nearly constant, i.e. it is mainly determined by the tem-
perature. Therefore, the grown vertical graphene does not promote or prevent the vaporization. It has almost no 
influence to the subsequent growth.

Longitudinal temperature gradient. The crystal growth is sensitive to the temperature distribution in the 
crucible31. The growth of vertically aligned graphene could also be affected by the temperature gradient inside the 

Figure 1. The height of vertically aligned graphene vs. annealing temperature and time: (a) Graphene height 
as a function of process temperature. The balls representing the results are located at the average temperature 
during annealing. Numbers indicate the actual temperatures in the processes. The grey dashed line is a guide 
to eyes. The cross indicates the expected graphene height at an annealing temperature of 2000 °C. (b) Graphene 
height as a function of annealing time. The arrow is a guide to eyes. The numbers correspond to the height of 
each sample.
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space surrounded by the susceptor and its lid. First, we checked the influence of the longitudinal temperature gra-
dient. The bottom thickness of the susceptor and the height of the graphite tubular mount (Hereinafter, referred 
to as the susceptor thickness and the mount height.) determine the vertical position of substrates, so they more or 
less determine the temperature gradient. The initial susceptor thickness and mount height are 6 mm and 175 mm, 
respectively (Figures S1 and S2, Supplementary Information). With this setup, no vertical graphene was obtained, 
when the C-side was faced up. Only planar graphene layers grew on the Si-face. In contrast, if the C-side is put 
facing down, vertically aligned graphene can be obtained on the C-face but the graphene height is rather limited. 
This difference does not happen in the planar graphene fabrication. It can only be understood by the temperature 
gradient as the temperature in the place of the substrates should be unchanging. This indicates that the temper-
ature gradient plays an important role in the growth of vertically aligned graphene. To further understand this 
mechanism, susceptors with different bottom thicknesses as well as mounts with different heights were employed 
to grow graphene. The results in Fig. 2 suggest that the maximum growth rate can be achieved by varying the 
vertical position of the substrates. The influence of the longitudinal temperature gradient can be understood like 
this (see schematic in Fig. 3):

(a)  When the C-side is faced up with the initial setup (6 mm of susceptor thickness and 175 mm of mount 
height), the C-side faces towards the temperature maximum and the vapor cannot escape as it usually moves 
from high to low temperature. So no graphene can grow during annealing.

(b)  When the C-side is faced down with the initial setup, the substrates cross the position of temperature maxi-
mum, the vapor can escape easily and then vertically aligned graphene can be obtained.

(c)  When the susceptor thickness or the mount height increases, the substrates move away from the temperature 
maximum, the temperature gradient increases and graphene can grow faster.

Figure 2. The graphene height vs. the susceptor thickness (a) and mount height (b). The numbers represent the 
susceptor thickness or mount height. The mount height is fixed at 175 mm when the susceptor thickness varies; 
the susceptor thickness is 6 mm when the mount height changes. The substrates are located in the middle of the 
susceptors when graphene grew with different susceptor thicknesses, while they are at the edge when different 
mount heights are applied. Therefore, the former graphene heights are generally smaller than the later ones.
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(d)  When the susceptor thickness or the mount height continuously increases, the substrates move further away, 
the temperature drops and then the growing rate decreases, considering that the difference is dramatically 
increased between the sample temperature and the measured temperature.

Therefore, altering the position of the substrates is an important means to control the growth of vertically 
aligned graphene.

Radial temperature gradient. The substrates were loaded both in the middle and at the edge of the suscep-
tor to grow graphene simultaneously for 8 hours. The height of the graphene grown in the middle is 22 μ m com-
pared with 58 μ m at the edge. As the heat is generated only on the outer lateral surface of the susceptor and the 
lid, the edge will have both higher temperature and higher temperature gradient than the inner part, which can 
accelerate graphene growth. However, the direction of temperature gradient is not perpendicular to the substrate 
surface, which may result in a height inhomogeneity in lateral direction. It is also noticed that, the substrates are 
located in the middle of the susceptors when graphene grew with different susceptor thicknesses, while they are at 
the edge of the susceptors when different mount heights are applied. Therefore, the former graphene heights are 
smaller than the latter ones because of the relatively low temperature and relatively gradual temperature gradient 
(See Fig. 2).

Pressure. The residual pressure in the chamber also affects the growth of vertically aligned graphene. For this 
investigation, we used a mechanic pump instead of the turbo molecular pump. The pressure maintained at about 
9 mbar. With the susceptor thickness of 6 mm and the mount height of 178 mm, the graphene height reduces from 
15.7 μ m to 9.4 μ m. It can be understood that when the pressure increases, the vapor partial pressure around the 
substrates rises and the convection decreases the temperature gradient, both of which will suppress the sublima-
tion. If several pieces of substrates are annealed at one time, the height of the obtained graphene will also decrease. 
For instance, the height was 28 μ m after annealing 8 pieces for 8 hours, compared with 40 μ m for annealing only 1 
piece, as the total Si-evaporation from 8 pieces raises the Si-partial pressure higher than that of 1 piece and it will 
suppress the sublimation on each single sample. This result reveals the evacuation of the vapor created from the 
surface of substrates is critical to the growth of vertically aligned graphene.

Substrates. It is known that the arrangements of vertical graphene arrays are different when grown on sub-
strates with different crystallographic orientation11. It is further found that the growth on 6H-SiC is much faster 
than that on 4H-SiC (29 μ m vs. 16 μ m). The growth rate of graphene on substrates of production grade is also 
larger than that of dummy grade (Average height of 40 μ m for 6 pieces annealing for 8 hours vs. 40 μ m for 1 piece 
if the influence of the pressure is under consideration mentioned above). Usually, 6H-SiC substrates have better 
crystallinity than 4H-SiC ones due to the higher temperature of the growth surface32. The general crystal quality 
of wafers with production grade is also better than that of dummy grade (Figure S3, Supplementary Information). 
Therefore, it suggests that vertically aligned graphene tends to grow quickly on substrates with good quality. It is 
speculated that good crystalline quality can promote vaporization.

Discussion
Growth mechanism. According to the results above, the growth of vertically aligned graphene can be 
understood in terms of SiC single crystal growth using the physical vapor transport method with a single wall 
crucible33. When it is heated at a temperature of more than 1080 °C34–36, SiC will sublimate without melting. 
(Temperatures around 1000 °C are important in SiC, as both sublimation and crystallization can occur depending 

Figure 3. Schematic to illustrate the relative positions of the substrates in the temperature gradient. 
The labels a - d correspond to the four cases mentioned in the results on the influence of the longitudinal 
temperature gradient. The label r represents the case when the substrate is located at the edge of the susceptor. 
The inductor is the outer lateral surface of the susceptor and its lid in this growth system. This schematic should 
not be considered to represent the realistic positions of substrates and the realistic temperature gradient inside 
the space surrounded by the susceptor and its lid.
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on the pressure37,38). If the vapor (mainly SiC2, Si2C, Si and C) can be transported rapidly with the proper temper-
ature gradient discussed above (Some may deposit on the inner surface of the lid.), the sublimation will continue. 
As the saturation vapor pressure of Si is higher than that of C at the same temperature, carbon will be left and 
will reconstruct. The reconstruction of C atoms resulting in vertically aligned graphene is more complicated. 
Considering the difference between the temperature, the temperature gradient, and the pressure utilized to pre-
pare planar graphene and those of vertically aligned graphene, the vaporization rate could be the key factor in 

Figure 4. Schematic to illustrate the mechanism for the growth of vertically aligned graphene. 

Figure 5. (a) Raman spectra for four vertically aligned graphene samples (Table S1, Supplementary 
Information). The monolayer behavior is verified by the symmetric Lorentzian 2D peaks. (b) The typical XAS 
spectrum at the C K-edge. The spectrum agrees well with the calculated spectrum of a graphene monolayer.
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determining the structure after reconstruction. When the vaporization is high enough, the initial C atom sheets 
will vertically stand due to the strong gas flow. So graphite or planar graphene cannot form but only the low den-
sity of vertical graphene makes the crystallization possible. The guide of the high speed gas flow, the annealing 
under a high temperature, and the etching of Si atoms will further improve the standing thin film into vertically 
aligned graphene. The schematic is shown in Fig. 4. Therefore, now it is understood why the graphene height is 
rather limited when we annealed the substrates with the Si-side faced up using the initial susceptor thickness of 
6 mm and mount height of 175 mm mentioned in the results on the influence of the longitudinal temperature 
gradient: the generated vapor cannot be evacuated immediately when it has to go through the space between 
substrates and the susceptor.

Monolayer behavior. Raman spectra from all samples have four peaks G, D, D’ and 2D, which are the 
fingerprints of graphene, as shown in Fig. 5(a). The emergence of the D and D’ peaks suggests that the top caps 
may be very thin so the edge of the vertical graphene is almost exposed on as-grown samples11. Full width at half 
maximum (FWHM) of G and 2D peaks (WG and W2D) from 24 to 29 cm−1 and from 47 to 53 cm−1 shows the sim-
ilarly high quality of all samples. The 2D peaks are symmetric and well match a Lorentzian line, so the interaction 
between the adjacent layers is weak and graphene layers exhibit a monolayer behavior. It is heeded that the differ-
ence between measured samples is not only limited to their graphene height. They were prepared under different 
conditions: the 241 μ m sample has grown for 40 hours; the 40 μ m sample used 1700–1800 °C for 10 hours; and the 
Si-face of the 1.3 μ m sample was up during the process (More details in Table S1, Supplementary Information). 
Therefore, altering the configuration of the growth has little effect on the quality of graphene samples. The results 
prove the robustness of the growth method and the growth system.

A typical XAS spectrum of a sample annealed for 8 hours is shown in Fig. 5(b). The C K-edge is located at 
285 eV without any features in the pre-edge region. Two main peaks at 286 and 293 eV are assigned to π * and σ * 

Figure 6. (a) Typical random RBS spectra from the as-grown and 1 ×  1016 cm−2 sample. Inset: Cu distribution 
predicted using TRIM. (b) The magnetization as a function of magnetic field in Cu-implanted vertical graphene 
without the diamagnetic background.
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resonance, respectively. The signal corresponding to interlayer states is weak. The XAS spectrum agrees well with 
the theoretical prediction of graphene monolayers39. It is consistent with the Raman result.

Magnetic and electronic properties of as-grown and Cu-implanted vertically aligned graphene.  
As graphene is a one atom layer, the traditional doping methods are not effective. But it is possible to dope 
vertically aligned graphene, for instance, with ion implantation. We tried to induce d0 magnetism in vertical 
graphene by Cu implantation. The samples have been annealed for four hours before implantation and thus have 
the graphene height of 22 μ m. The RBS spectra before and after implantation are shown in Fig. 6(a). There is no 
difference between the two spectra except the appearance of the Cu peak. The Cu distribution is determined to 
be in the range from 0.5 to 16 μ m in contrast to the predicted range of 530 to 870 nm using TRIM (transport of 
ions in matter) simulation, which may be caused by the channeling effect due to the well alignment of vertical 
graphene. It is also noted that the density of vertical graphene at the surface is slightly lower than that deeper in 
the bulk.

In as-grown samples, only diamagnetism is observed. After implantation, the magnetism after removing 
the diamagnetic background is shown in Fig. 6(b). The 1 ×  1015 cm−2 sample has a saturation of 9 ×  10−6 emu/
cm2. In the lattice, each implanted Cu ion can bring about 0.97 μ B at room temperature. These localized spins 
could be induced directly by Cu doping. However, the weak coupling between moments in Cu can not survive at 
room temperature. The fall of ferromagnetism in the 5 ×  1015 cm−2 sample can not be understood with Cu dop-
ing, either. Considering that the implantation also creates defects in graphene, this result may be understood as 
defect-induced ferromagnetism40–44. This case implies the feasibility to dope graphene with various elements. In 
the pristine sample, weak negative magnetoresistance is observed in Fig. 7(a) while the Hall resistivity shows the 
multiple carriers involved in transport properties according to Fig. 7(b). The two major carriers are the electron 
with the Hall mobility of 6 ×  104 cm2/(Vs) and the carrier concentration of about 3 ×  1018 cm−3, and the hole of 

Figure 7. (a) The magnetoresistance and (b) Hall measurements of vertically aligned graphene before and after 
implantation. The magnetic field is perpendicular to the substrates and thus parallel to the graphene sheets and 
the measurement temperature is 5 K.
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1 ×  104 cm2/(Vs) and 1 ×  1019 cm−3 according to a two-band model45,46 (Figure S4, Supplementary Information). 
Contrast to the epitaxial planar graphene, the vertical graphene has less influence from the substrates so it can 
have better electronic performance. After implantation, magnetoresistance shows the transition from negative 
to positive when the field is rising at 5 K. The negative magnetoresistance due to weak localization can be under-
stood as the implantation induces impurities and defects as scattering centers. The implantation ameliorates the 
electron Hall mobility to 9 ×  104 cm2/(Vs) while the concentration reduces slightly to 2 ×  1018 cm−3. The hole Hall 
mobility and concentration almost remain unchanged after implantation. It is speculated that the impurity band 
of Cu is located a little bit below the major negative carrier so Cu doping can shift the Fermi level towards the 
Dirac cone and thus increase the mobility.

In conclusion, the growth control of vertically aligned graphene on C-face SiC has been investigated. The 
influence of processing conditions is demonstrated. A temperature higher than 1700 °C is indispensable and the 
growth will accelerate with temperature increase. The graphene height is basically proportional to the anneal-
ing time. Proper temperature gradient and good crystalline quality of SiC substrates can further associate the 
vaporization of substrates and promote the growth. Pressure does not directly affect the growth while the partial 
pressure of vapor is crucial as it can interfere with further vaporization. The growth mechanism is proposed in 
terms of physical vapor transport. The monolayer character is verified by Raman and XAS spectra regardless of 
the graphene height, which indicates the robustness of the growth method. With the obtained samples, the d0 
magnetism of 0.97 μ B per Cu at 300 K is revealed in Cu-implanted vertical graphene. The negative magnetore-
sistance due to weak localization after implantation is observed. Vertical graphene possesses both electron and 
hole as major carriers, whose Hall mobility is more than 1 ×  104 cm2/(Vs). In implanted samples, its electron Hall 
mobility is further improved to 9 ×  104 cm2/(Vs). The results will be helpful to extend the research area and the 
potential application of vertically aligned graphene.

Methods
Substrates and sample preparation. We used commercially available SiC substrates (Beijing TankeBlue) 
to grow vertically aligned graphene. Without special notation, the substrates are conductive C-face 4H-SiC of 
dummy level with dimensions of 10 ×  5 ×  0.33 mm3.

The growth system is a high-temperature annealing furnace (Jipelec, SiC Furnace) with an induction coil 
and a turbo molecular pump, which can reach temperatures as high as 2000 °C and a vacuum of ~10−6 mbar. SiC 

Figure 8. Morphology of vertically aligned graphene imaged in a scanning electron microscope. (a,b) Top 
view and (c,d) cross-sectional view at different magnifications. The substrate was annealed with a temperature 
ramping from 1800 °C to 1900 °C within 2 hours under a pressure of about 10−5 mbar.
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substrates with C-side facing up are loaded into a graphite susceptor with a lid. The susceptor is placed in the 
middle of the chamber supported by a graphite tubular mount (Figures S1 and S2, Supplementary Information). 
The temperature is measured from the bottom of the susceptor by an infrared thermometer. A typical recipe is 
to anneal the substrates with a temperature ramping from 1800 °C to 1900 °C within 2 hours under a pressure of 
about 10−5 mbar. Figure 8 shows the quintessential micro morphology. Generally, the surface of the samples is not 
smooth as with non-polished SiC the substrate surface is rough [Fig. 8(a)]. Cavities distributed irregularly across 
the sample surface are due to the etching of high-temperature vapor [Fig. 8(b)]. The cross-sectional image in 
Fig. 8(c) indicates that the graphene ribbons are aligned vertically. Representative dimensions of these graphene 
ribbons are 4 μ m in length and 0.5 μ m in width [Fig. 8(d)]. These results are similar to observations in previous 
reports11,30.

Some vertical graphene samples were implanted with Cu ions after annealing. The incident energy and angle 
were 190 keV and 7°, respectively. The samples with the Cu fluence varying from 1 ×  1014 to 1 ×  1016 cm−2 are 
labeled according to their fluence. Cu distribution is demonstrated in inset of Fig. 6(a). The doping level can be 
estimated as fluence multiplying distribution. For example, the doping level is about 1020 cm−3 for the sample with 
the Cu fluence of 1 ×  1016 cm−2.

Sample characterization. Scanning electron microscopy (SEM) micrographs were captured using an 
S-4800 field-emission SEM (Hitachi) operated at an acceleration voltage of 10 kV. Room temperature Raman 
measurements were carried out at a LabRAM (HORIBA Jobin Yvon) using a 532 nm Nd:YAG laser as excitation 
source with a resolution of ~0.5 cm−1. X-ray absorption spectroscopy (XAS) was performed at beamline 6.3.1 of 
the Advanced Light Source using the total electron yield mode at room temperature. Rutherford backscattering 
(RBS) spectrometry with ~1.7 MeV He ions was employed to determine the composition distribution. The mag-
netic properties were measured by a vibrating sample magnetometer equipped with a commercial superconduct-
ing quantum interference device (SQUID-VSM, Quantum Design) with a sensitivity limit of 10−7 emu in the field 
range of 5 kOe at 300 K. The transport measurements were executed using a current of 1 mA under the magnetic 
field of 50 kOe at 5 K with a Lakeshore system.

References
1. Novoselov, K. S. et al. A Roadmap for Graphene. Nature 490, 192–200 (2012).
2. Novoselov, K. S. et al. Two-Dimensional Gas of Massless Dirac Fermions in Graphene. Nature 438, 197–200 (2005).
3. Lu, W. et al. Bipolar Carrier Transfer Channels in Epitaxial Graphene/Sic Core-Shell Heterojunction for Efficient Photocatalytic 

Hydrogen Evolution. Adv. Mater. 27, 7986–7991 (2015).
4. Zhang, Y. et al. Label-Free Electrochemical Immunosensor Based on Enhanced Signal Amplification between Au@Pd and Cofe2o4/

Graphene Nanohybrid. Sci. Rep. 6, 23391 (2016).
5. Xing, Z. et al. One-Pot Hydrothermal Synthesis of Nitrogen-Doped Graphene as High-Performance Anode Materials for Lithium 

Ion Batteries. Sci. Rep. 6, 26146 (2016).
6. Zhao, Y. et al. Highly Compression-Tolerant Supercapacitor Based on Polypyrrole-Mediated Graphene Foam Electrodes. Adv. Mater. 

25, 591–595 (2013).
7. Chen, L., Liu, Y., Zhao, Y., Chen, N. & Qu, L. Graphene-Based Fibers for Supercapacitor Applications. Nanotechnology 27, 032001 

(2016).
8. Fan, T. et al. Fabricating of High-Performance Functional Graphene Fibers for Micro-Capacitive Energy Storage. Sci. Rep. 6, 29534 

(2016).
9. Chen, Z. et al. Three Dimensional Graphene Aerogels as Binder-Less, Freestanding, Elastic and High-Performance Electrodes for 

Lithium-Ion Batteries. Sci. Rep. 6, 27365 (2016).
10. Pradhan, S. K., Xiao, B., Mishra, S., Killam, A. & Pradhan, A. K. Resistive Switching Behavior of Reduced Graphene Oxide Memory 

Cells for Low Power Nonvolatile Device Application. Sci. Rep. 6, 26763 (2016).
11. Chen, L. L. et al. Fabrication of Vertically Aligned Graphene Sheets on Sic Substrates. Rsc Adv. 3, 13926–13933 (2013).
12. Huang, Q. S. et al. Approaching the Intrinsic Electron Field-Emission of a Graphene Film Consisting of Quasi-Freestanding 

Graphene Strips. Small 7, 450–454 (2011).
13. Chen, L. L. et al. A Comparison of the Field Emission Characteristics of Vertically Aligned Graphene Sheets Grown on Different Sic 

Substrates. Chin. Phys. B 22, 107901 (2013).
14. Xiao, X. C., Liu, P., Wang, J. S., Verbrugge, M. W. & Balogh, M. P. Vertically Aligned Graphene Electrode for Lithium Ion Battery 

with High Rate Capability. Electrochem Commun. 13, 209–212 (2011).
15. Liang, Q. Z., Yao, X. X., Wang, W., Liu, Y. & Wong, C. P. A Three-Dimensional Vertically Aligned Functionalized Multilayer 

Graphene Architecture: An Approach for Graphene-Based Thermal Interfacial Materials. Acs Nano 5, 2392–2401 (2011).
16. Seo, D. H., Han, Z. J., Kumar, S. & Ostrikov, K. Structure-Controlled, Vertical Graphene-Based, Binder-Free Electrodes from 

Plasma-Reformed Butter Enhance Supercapacitor Performance. Adv. Energy Mater. 3, 1316–1323 (2013).
17. Liao, Q. Y., Li, N., Cui, H. & Wang, C. X. Vertically-Aligned Graphene@Mno Nanosheets as Binder-Free High-Performance 

Electrochemical Pseudocapacitor Electrodes. J. Mater. Chem. A 1, 13715–13720 (2013).
18. Yoon, Y. et al. Vertical Alignments of Graphene Sheets Spatially and Densely Piled for Fast Ion Diffusion in Compact Supercapacitors. 

Acs Nano 8, 4580–4590 (2014).
19. Cai, M. et al. Fast Response, Vertically Oriented Graphene Nanosheet Electric Double Layer Capacitors Synthesized from C2h2. Acs 

Nano 8, 5873–5882 (2014).
20. Liao, Q. Y., Li, N., Jin, S. X., Yang, G. W. & Wang, C. X. All-Solid-State Symmetric Supercapacitor Based on Co3o4 Nanoparticles on 

Vertically Aligned Graphene. Acs Nano 9, 5310–5317 (2015).
21. Zhang, Y. et al. Morphology Effect of Vertical Graphene on the High Performance of Supercapacitor Electrode. ACS Appl. Mater. 

Interfaces 8, 7363–7369 (2016).
22. Zhao, J., Shaygan, M., Eckert, J., Meyyappan, M. & Rummeli, M. H. A Growth Mechanism for Free-Standing Vertical Graphene. 

Nano Lett. 14, 3064–3071 (2014).
23. Li, M. et al. Controllable Synthesis of Graphene by Plasma-Enhanced Chemical Vapor Deposition and Its Related Applications. Adv. 

Sci. (2016).
24. Guo, F., Mukhopadhyay, A., Sheldon, B. W. & Hurt, R. H. Vertically Aligned Graphene Layer Arrays from Chromonic Liquid Crystal 

Precursors. Adv. Mater. 23, 508–513 (2011).
25. Jia, Y. P. et al. Fabrication and Characterization of Graphene Derived from Sic. Sci. China Phys. Mech. 56, 2386–2394 (2013).
26. Lin, J. J. et al. Anharmonic Phonon Effects in Raman Spectra of Unsupported Vertical Graphene Sheets. Phys. Rev. B 83, 125430 

(2011).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:34814 | DOI: 10.1038/srep34814

27. Chen, L. L. et al. Towards Intrinsic Magnetism of Graphene Sheets with Irregular Zigzag Edges. Sci. Rep. 3, 2599 (2013).
28. Li, Z. L. et al. Field and Temperature Dependence of Intrinsic Diamagnetism in Graphene: Theory and Experiment. Phys. Rev. B 91, 

094429 (2015).
29. Yue, Z. J. et al. Large Networks of Vertical Multi-Layer Graphenes with Morphology-Tunable Magnetoresistance. Nanoscale 5, 

9283–9288 (2013).
30. Huang, J. et al. Anisotropic Quantum Transport in a Network of Vertically Aligned Graphene Sheets. J. Phys.: Condens. Matter 26, 

345301 (2014).
31. Li, H. Q., Chen, X. L., Ni, D. Q. & Wu, X. Factors Affecting the Graphitization Behavior of the Powder Source During Seeded 

Sublimation Growth of Sic Bulk Crystal. J. Cryst. Growth 258, 100–105 (2003).
32. Augustine, G., Hobgood, M., Balakrishna, V., Dunne, G. & Hopkins, R. H. Physical Vapor Transport Growth and Properties of Sic 

Monocrystals of 4h Polytype. Phys. Status Solidi b 202, 137–148 (1997).
33. Tairov, Y. M. & Tsvetkov, V. F. General-Principles of Growing Large-Size Single-Crystals of Various Silicon-Carbide Polytypes.  

J. Cryst. Growth 52, 146–150 (1981).
34. Muehlhoff, L., Choyke, W. J., Bozack, M. J. & Yates, J. T. Comparative Electron Spectroscopic Studies of Surface Segregation on 

Sic(0001) and Sic(000-1). J. Appl. Phys. 60, 2842–2853 (1986).
35. Heera, V. & Skorupa, W. Ion Implantation and Annealing Effects in Silicon Carbide. Mater. Res. Soc. Symp. P. 438, 241–252 (1997).
36. Forbeaux, I., Themlin, J. M. & Debever, J. M. Heteroepitaxial Graphite on 6h-Sic(0001): Interface Formation through Conduction-

Band Electronic Structure. Phys. Rev. B 58, 16396–16406 (1998).
37. Heera, V., Kogler, R., Skorupa, W. & Stoemenos, J. Complete Recrystallization of Amorphous-Silicon Carbide Layers by Ion 

Irradiation. Appl. Phys. Lett. 67, 1999–2001 (1995).
38. Hofgen, A., Heera, V., Eichhorn, F. & Skorupa, W. Annealing and Recrystallization of Amorphous Silicon Carbide Produced by Ion 

Implantation. J. Appl. Phys. 84, 4769–4774 (1998).
39. Schultz, B. J. et al. Imaging Local Electronic Corrugations and Doped Regions in Graphene. Nat. Commun. 2, 372 (2011).
40. Dev, P., Xue, Y. & Zhang, P. H. Defect-Induced Intrinsic Magnetism in Wide-Gap Iii Nitrides. Phys. Rev. Lett. 100, 117204 (2008).
41. Liu, Y. et al. Defect-Induced Magnetism in Neutron Irradiated 6h-Sic Single Crystals. Phys. Rev. Lett. 106, 087205 (2011).
42. Li, L. et al. Rise and Fall of Defect Induced Ferromagnetism in Sic Single Crystals. Appl. Phys. Lett. 98, 222508 (2011).
43. Liu, Y. et al. Adjustable Nitrogen-Vacancy Induced Magnetism in Aln. Appl. Phys. Lett. 100, 122401 (2012).
44. Wang, Y. T. et al. Defect-Induced Magnetism in Sic: Interplay between Ferromagnetism and Paramagnetism. Phys. Rev. B 92, 174409 

(2015).
45. Ando, Y. Topological Insulator Materials. J. Phys. Soc. Jpn. 82, 102001 (2013).
46. Yang, F. et al. Top Gating of Epitaxial (Bi1− Xsbx)2te3 Topological Insulator Thin Films. Appl. Phys. Lett. 104, 161614 (2014).

Acknowledgements
Yu Liu would like to thank Christian Frenzel and Ilona Skorupa from HZDR for equipment maintenance, 
Elfi Christalle from HZDR for SEM imaging, Zhilin Li, Dr. Jiao Huang, Prof. Liwei Guo from Institute of 
Physics, CAS for the fruitful discussion about vertical graphene, Dr. Jie Shen from TU Delft for the assistance 
in transport measurements and Dr. Chunjun Liu from TankeBlue Semiconductor Co. Ltd. for designing the 
graphite susceptors and mounts. Support by the Ion Beam Center (IBC) at HZDR is gratefully acknowledged. 
The Advanced Light Source is supported by the Director, Office of Science, Office of Basic Energy Sciences, of the 
US Department of Energy under Contract No. DE-AC02-05CH11231. The work is financially supported by the 
Helmholtz Postdoc Programme (Initiative and Networking Fund, PD-146).

Author Contributions
Y.L. and L.C. conceived the experiments. D.H. and Y.L. prepared the samples assisted by V.H. and R.H. took 
the SEM images. F.L. measured the Raman spectra. A.T.N. and E.A. assisted the XAS experiment. M.W. did the 
transport measurement. R.B. performed ion implantation. S.Z. and W.S. supervised the work. Y.L., L.C., Q.-S.H. 
and S.Z. wrote the manuscript and all authors participated the manuscript modification.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Liu, Y. et al. Controllable growth of vertically aligned graphene on C-face SiC.  
Sci. Rep. 6, 34814; doi: 10.1038/srep34814 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Controllable growth of vertically aligned graphene on C-face SiC
	Results
	Temperature and annealing time. 
	Longitudinal temperature gradient. 
	Radial temperature gradient. 
	Pressure. 
	Substrates. 

	Discussion
	Growth mechanism. 
	Monolayer behavior. 
	Magnetic and electronic properties of as-grown and Cu-implanted vertically aligned graphene. 

	Methods
	Substrates and sample preparation. 
	Sample characterization. 

	Acknowledgements
	Author Contributions
	Figure 1.  The height of vertically aligned graphene vs.
	Figure 2.  The graphene height vs.
	Figure 3.  Schematic to illustrate the relative positions of the substrates in the temperature gradient.
	Figure 4.  Schematic to illustrate the mechanism for the growth of vertically aligned graphene.
	Figure 5.  (a) Raman spectra for four vertically aligned graphene samples (Table S1, Supplementary Information).
	Figure 6.  (a) Typical random RBS spectra from the as-grown and 1 × 1016 cm−2 sample.
	Figure 7.  (a) The magnetoresistance and (b) Hall measurements of vertically aligned graphene before and after implantation.
	Figure 8.  Morphology of vertically aligned graphene imaged in a scanning electron microscope.



 
    
       
          application/pdf
          
             
                Controllable growth of vertically aligned graphene on C-face SiC
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34814
            
         
          
             
                Yu Liu
                Lianlian Chen
                Donovan Hilliard
                Qing-song Huang
                Fang Liu
                Mao Wang
                Roman Böttger
                René Hübner
                Alpha T. N’Diaye
                Elke Arenholz
                Viton Heera
                Wolfgang Skorupa
                Shengqiang Zhou
            
         
          doi:10.1038/srep34814
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep34814
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep34814
            
         
      
       
          
          
          
             
                doi:10.1038/srep34814
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34814
            
         
          
          
      
       
       
          True
      
   




