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Direct growth of graphene films on functional substrates is immensely ben-
eficial for the large-scale applications of graphene by avoiding the transfer-
induced issues. Notably, the selective growth of patterned graphene will 
further boost the development of graphene-based devices. Here, the direct 
growth of patterned graphene on the c-plane of nanopatterned sapphire 
substrate (NPSS) is realized and the superiority of the patterned graphene for 
high-performance ultraviolet light-emitting diodes (UV-LED) is demonstrated. 
As confirmed by density functional theory calculations and analog simula-
tions, compared to the concave r-plane the flat c-plane of NPSS is character-
ized by a lower active barrier for methane decomposition and carbon species 
diffusion, as well as a greater supply of carbon precursor for graphene 
growth. The synthesized patterned graphene on the c-plane of NPSS is veri-
fied to be monolayer and high quality. The patterned graphene enables the 
selective and well-aligned nucleation of aluminium nitride (AlN) to promote 
rapid epitaxial lateral overgrowth of single-crystal AlN films with low disloca-
tion density. Consequently, the fabricated UV-LED demonstrates high lumi-
nescence intensity and stability. The method is suitable for obtaining various 
patterned graphene by substrate design, which will allow for greater progress 
in the cutting-edge applications of graphene.
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1. Introduction

Graphene is the focus of extensive 
research efforts worldwide due to its fas-
cinating physical properties,[1,2] such as 
ultrahigh electrical[3] and thermal con-
ductivity,[4] good mechanical strength, and 
excellent elasticity,[5] among others.[6–9] 
Moreover, graphene maintains excel-
lent stability in the presence of extremely 
high temperatures and harsh chemical 
environments. These superior properties 
make graphene a promising material for 
myriad applications in electronics,[7,8,10] 
optoelectronics,[11] energy generation 
and storage,[12] and biosensor.[13] Among 
graphene synthesis methods, chemical 
vapor deposition (CVD) possesses unique 
advantages compared to various tradi-
tional methods. CVD synthesis of large-
area and high-quality graphene films is 
usually performed on metal foils, such 
as Ni[14] or Cu.[15] However, this is not 
compatible with standard semiconductor 
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manufacturing process by involving the subsequent complex 
transfer procedure.[16,17] Furthermore, for most of applications, 
patterned graphene film is highly desirable,[18–20] in which case 
multiple processing steps are inevitable, including photo/e-
beam lithography, and wet/dry etching. These processes are 
high-cost and, more importantly, leads to a deterioration in gra-
phene quality by introducing uncontrollable breakages, wrin-
kles, and contamination, resulting a low yield. Therefore, there 
is great motivation to realize the direct growth of patterned gra-
phene on dielectric substrates.

Up to now, some progress have been made on direct growth 
of graphene on dielectric substrates (sapphire, SiO2/Si, Si3N4, 
quartz, etc.) by using metal-free CVD method.[21,22] Among 
these substrates, sapphire (aluminum oxide, α-Al2O3) is widely 
used for growth of single crystal metal,[23,24] high-temperature 
superconductors,[25,26] and semiconductor films,[27,28] as well as 
for integrated circuit fabrication. Graphene/sapphire hybrids 
show highly valuable applications in electronics (e.g., field 
effect transistors) due to the advantages imparted by the rela-
tively high k of α-Al2O3 as a gate insulator.[29,30] Moreover, gra-
phene buffered sapphire, have been demonstrated as ideal ways 
for achieving van der Waals epitaxy of Group-III nitride films 
for high-performance light-emitting diodes.[31,32] The direct 
growth of patterned graphene on sapphire would further boost 
these cutting-edge applications of graphene in semiconductor 
and electronic industry. However, to our knowledge, the direct 
growth of patterned graphene remains underexploited and 
thus, urgently need to be solved.

Here, we demonstrate the direct growth of nanopatterned, 
high-quality, monolayer graphene by selectively growing on 
c-plane of nanopatterned sapphire substrate (NPSS) and show 
their application in superior epitaxy of aluminium nitride (AlN) 
film. The nanoconcave triangle cones patterns of NPSS lead to 
that the gas velocity at concave r-plane is nearly two orders of 
magnitude slower than that at the flat c-plane (according to 2D 
qualitative simulation). Furthermore, density functional theory 
(DFT) calculation reveals relatively lower energy barriers for 
methane dissociation and active carbon species diffusion on 
the c-plane compared to the r-plane. The combined effects of 
a sufficient supply of carbon precursor and relatively low dis-
sociation and diffusion barriers on the flat c-plane make pos-
sible the selective growth of graphene. During the subsequent 
AlN growth process, we find that the patterned graphene ena-
bles the selective and well-aligned nucleation of AlN to promote 

rapid epitaxial lateral overgrowth (ELOG) of single-crystal AlN 
films with low dislocation density even without low tempera-
ture AlN buffer layer. Consequently, the fabricated ultraviolet 
light-emitting diodes (UV-LED) demonstrate high lumines-
cence (EL) intensity and stability. The insights granted by this 
study to indicate great opportunity to adjust the pattern struc-
ture (i.e., nanoribbons for field effect transistor) of graphene by 
designing the pattern of sapphire substrate.

2. Results and Discussion

2.1. Selective Growth of Graphene on c-Plane of NPSS

As illustrated in Figure  1a, we used the direct metal-free CVD 
method to realize the selective growth of graphene on c-plane 
of NPSS. In this study, the NPSS was acquired via nanosphere 
lithography assisted anisotropic etching of (0001) c-oriented sap-
phire.[33] Atomic force microscopy (AFM) image of the fabricated 
NPSS revealed surface patterns of concave triangle cones which 
exhibited a periodicity of ≈1 µm and a depth of ≈230 nm. The side 
faces of each triangle cone were three facets of the (1102) r-plane 
with an angle of 57° against the (0001) c-axis (Figure 1b).[34] After 
the CVD process, graphene selectively covered the flat c-plane, as 
indicated by a brighter contrast compared to the concave r-plane 
in the scanning electron microscopy (SEM) image (Figure  1c). 
Raman spectra and mapping in Figure 1d further confirmed the 
successfully growth of patterned graphene, as evidenced by a rel-
atively strong Raman signal of graphene observed on the c-plane 
and a negligible signal on the r-plane. These results indicate key 
differences between the growth behavior of graphene on the 
c-plane and r-plane, namely that carbon species tend to preferen-
tially nucleate and grow on the c-plane.

2.2. Characterization of the As-Grown Patterned Graphene on 
c-Plane of NPSS

No characteristic signals of transition metal elements appears 
in the full range X-ray photoelectron spectroscopy (XPS) spec-
trum (Figure 2a) due to the metal-free CVD growth technique. 
Thus, the lack of metal pollutants meets the requirement of 
semiconductor manufacturing process. The C 1s XPS spectrum 
of the as-grown graphene patterned exhibits a dominant sp2-
carbon-related peak (284.8 eV), a CH related peak (285.4 eV), 
and broad CO related peaks (Figure  2b), indicating its high 
quality. The low D band in the Raman spectrum (Figure  1d) 
along with a correspondingly a low ID/IG intensity ratio (≈0.7), 
also conforms the high quality of as-grown patterned graphene. 
After transfer to a copper grid, the selectively grown graphene 
was further assessed for its thickness and crystallinity via trans-
mission electron microscopy (TEM). We find the graphene 
film was predominantly monolayer according to the image of 
film breakage edges (Figure  2c). Moreover, we use high-angle 
annular dark-field scanning transmission electron microscopy 
imaging mode of Cs-TEM to reveal the quality of as-grown 
patterned graphene at atomic scale which reveals the perfect 
atomic lattice of monolayer graphene (Figure 2d). This is also 
consistent with Raman and XPS results.
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2.3. DFT Calculation for the Selective Growth of Graphene

To understand the phenomenon of selective graphene growth 
on c-plane of NPSS, we systematically studied the main dehy-
drogenation process of methane on the possible stable surface 
of c-plane and r-plane sapphire by first-principle calculations 
from atomic perspective. Different from the copper substrate, 
sapphire exhibits more diverse and complicated surface struc-
tures due to its binary elemental composition (several different 
possible surface configurations were constructed in Figures 
S1 and S2, Supporting Information), which strongly related 
with environmental chemical potential. Figure 3a displays the 
DFT-calculated surface energy per area of c-plane sapphire as a 
function of O chemical potential (The detailed chemical poten-
tial related surface energy for c-plane and r-plane sapphire are 
shown in Figure S3, Supporting Information). According to the 
calculated surface energy per area and suitable chemical poten-
tial interval (green shaded bar in Figure  3a) corresponding to 
our experimental conditions, we could finally obtain the geom-
etries for the most stable surfaces of c-plane and r-plane sap-
phire, which are shown in Figure  3b,c (Similar stable surface 
structures have also been discussed in previous literature[35,36]).

Based on these calculated stable c-plane and r-plane surface 
models, we further investigated the kinetics of CH4 dissociation 
(Figure 3d). Owing to the inert properties of the sapphire sur-
face, the dissociation of methane on both c-plane and r-plane 
sapphire is endothermic and marked by a high activation 
energy barrier compared to the analogous process on catalytic 

metal substrate. The rate limiting step of the decomposition 
chain reaction is expected to be the first step, CH4 → CH3 + H, 
as its product is a reactant in the subsequent step, CH3 + H → 
CH2 +H2. The activation barrier of the first reaction step on the 
c-plane was calculated to be 1.04 eV, which is much lower than 
that on the r-plane (1.61 eV), indicating that CH4 decomposition 
on the c-plane could be expected (0.57 eV/kT) ≈400 times faster 
than that on the r-plane at the growth temperature of 1050 °C 
(Figure 3d). Therefore, c-plane sapphire is much more enriched 
with active carbon species than r-plane sapphire, and conse-
quently is much more favorable for graphene growth. Further 
calculations showed that the activation barriers of the second 
decomposition step on c-plane and r-plane sapphire are rela-
tively high at 3.61 and 3.93 eV, respectively, thereby resulting in 
very slow growth of graphene. As the calculated reaction energy 
of the first step of CH4 decomposition on c-plane and r-plane 
sapphire is 0.11 and 0.59, respectively, and that of the second 
step is 2.53 and 2.22  eV, respectively, CH2 is highly unstable 
on both surfaces. These calculations reveal that CH2 concentra-
tion must be orders magnitudes lower than that of CH3 whose 
radicals are the key species governing graphene growth on sap-
phire. The high instability and very low concentration of CH2 
on these surfaces render the following dehydrogenation steps 
negligible in determining graphene growth. To grow graphene 
requires the diffusion of decomposed radicals on the sapphire 
surface. The calculated diffusion barriers of CH3 and CH2 on 
both surfaces, which are shown in Figure 3e,f indicate that dif-
fusion is much faster on the c-plane than on the r-plane. In 

Figure 1.  Selective growth of graphene on c-plane of NPSS. a) Schematic diagram of the selective growth of graphene on c-plane of NPSS. b) AFM 
height image of NPSS surface with concave triangle cones. c) SEM image of the as-grown patterned graphene on NPSS. d) Typical Raman spectra of 
selectively grown (patterned) graphene on the flat c-plane and concave r-plane of NPSS. Inset shows the Raman mapping of one pattern of selectively 
grown graphene on NPSS. Scale bar: 1 µm.
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conclusion, the higher activity of c-plane sapphire compared to 
r-plane sapphire under the experimental conditions resulted in 
its enhanced abilities to facilitate CH4 decomposition and rad-
ical diffusion, which contributed to the preferential growth of 
graphene on c-plane of NPSS.

2.4. The Controllable Growth of Graphene on NPSS

This DFT calculation demonstrates that the selective gra-
phene growth is induced by the relatively reduced activity of 
the r-plane for methane decomposition. To confirm this, we 
also grow graphene on flat c-plane sapphire under the same 
growth condition. Graphene randomly nucleated and eventu-
ally form a continuous film on the flat c-plane sapphire (Figure 
S4a,b, Supporting Information). The Raman spectrum of gra-
phene grown on flat c-plane sapphire shows relatively lower D 
band peak and higher 2D band peak (Figure S4c, Supporting 
Information), probably owing to the increased domain size 
and reduced edges. Furthermore, the 2D distribution of flow 
velocity around NPSS was simulated. The simulated carbon 
source distributions of flow velocity are depicted in Figure 4a, 
which clearly shows that the gas velocity is nearly two order of 
magnitude slower at the concave r-plane than that at the flat 
c-plane of NPSS. As a result, c-plane of NPSS is much more 

enriched in carbon precursor. As such, graphene growth could 
be expected on both planes, if more active carbon species is 
supplied. To test this proposal, we performed graphene growth 
on NPSS using an ethanol feedstock under low pressure. The 
distribution of gas flow velocity around NPSS under low pres-
sure was very uniform (Figure 4b). Moreover, ethanol is much 
easier to decompose than methane, even at a relatively low tem-
perature.[37] Therefore, a continuous graphene film is deposited 
on the concave r-plane and flat c-plane surfaces of NPSS, as 
confirmed by uniform contrast in SEM image (Figure 4c) and 
indiscriminate Raman spectra (Figure 4d).

2.5. Fabrication of UV-LED on Patterned Graphene/NPSS

NPSS is regarded as the most promising substrate to epitaxy 
AlN films and DUV-LEDs because it can yield significantly 
improved light extraction efficiency of LED.[38,39] Moreover, it 
has been proposed that graphene can effectively overcome the 
effects of the large lattice and thermal mismatches between III-
nitride and sapphire.[30,31] Along this line, we find that poten-
tial energy from the sapphire substrate was well transmitted 
through monolayer graphene as shown in Figure S5 (Sup-
porting Information), ensuring the growth of single-crystal-
line film. We diretly grew AlN on the thus obtained patterned 

Figure 2.  Characterization of the as-grown patterned graphene on c-plane of NPSS. a) Full range XPS spectrum of the as-grown patterned graphene 
on c-plane of NPSS. b) C 1s XPS spectrum of the as-grown patterned graphene on NPSS. c) Representative TEM image of the patterned graphene edge 
showing its monolayer structure. d) Atomically resolved image of patterned graphene which reveals its high crystallinity.
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graphene/NPSS without low temperature buffer layer and 
nitrogen plasma treatment was applied to enhance graphene 
reactivity for AlN nucleation.[31] As a result, AlN preferentially 
nucleated on the patterned graphene film atop c-plane of NPSS 
and the reduced diffusion barrier of adatoms on the graphene 
surface promoted ELOG of the AlN film. SEM image of the 
AlN after only 6 min of initial growth on patterned graphene/
NPSS showed that AlN tended to nucleate and rapidly coa-
lesce on plasma treated graphene, whereas negligible nucleus 
was observed on the bare concave r-plane of NPSS (Figure 5a). 
Increasing the growth time to 3 h, AlN grown on patterned gra-
phene/NPSS have already covered the holes with continuous 
and smooth features (Figure 5b). Moreover, we can also observe 
the enhanced ELOG process induced by the patterned graphene 
by formation of air void and smooth surface (Figures S6–S9,  
Supporting Information). Such air void formation was negli-
gible or absent in bare NPSS and full graphene covered NPSS 
(Figures S6–S9, Supporting Information), possibly due to the 
indiscriminate nucleation and growth of AlN on both c-plane 
and r-plane of NPSS. The dark field image of AlN grown on 
patterned graphene/NPSS with g = 0002 is shown in Figure 5c, 
wherein threading dislocations were observed to originate from 
the interface between AlN and graphene/NPSS, bend and 
finally annihilate around the voids, as confimed by the largely 
reduced (1012) full width at half maximum (FWHM) and (0002) 
FWHM (Figure  5d; and Figure S10, Supporting Information). 
Moreover, the large-scale view of electron backscatter diffraction 
mapping shows that the as-grown AlN epilayer was single-crys-
talline and exhibited (0001) orientation (Figure S11, Supporting 

Information). Therefore, high quality AlN films can be directly 
grown on patterned graphene/NPSS without low temperature 
buffer layers, which would greatly shorten the metal organic 
CVD (MOCVD) growth time and thus reduce the cost.

UV-LED was further fabricated based on such high quality 
AlN films and the photograph is shown in Figure  5e. The EL 
characteristics of the UV-LED with and without patterned gra-
phene depicted in Figure  5e demonstrate that under a current 
of 40 mA, the luminescence intensity with patterned graphene 
is nearly 3 times stronger than that of bare NPSS. The packaged 
LEDs with patterned graphene also shows a much enhanced 
light output power than that without graphene, which is con-
sistent with EL spectra measured on wafer. At an injection cur-
rent of 350 mA, the external quantum efficiency (EQE) of LED 
with patterned graphene is 10.84%, which is 90% higher than 
the device without patterned graphene (Figure S12, Supporting 
Information). Meanwhile, the presence of patterned graphene 
also alleviates the droop effect and the droop rate is decreased 
from 54.2% to 42.6%. The peak efficiency current density, Imax, at 
which the EQE shows the maximum value is also increased from 
8 to 10 A cm−2 with the assistance of patterned graphene. This 
strengthened luminescence mainly originated from the reduced 
defect density enabled by using patterned graphene as a buffer 
layer. The robustness of UV-LED was evaluated by adjusting the 
injection current across the range of 20–500 mA. Escalating the 
current from 20 to 100 mA initially caused the UV-LED without 
graphene blueshift from 385.9 to 383.6 nm due to band filling 
effect and a screening effect by the internal polarization electric 
field. Further increasing the current to 500  mA resulted in a 

Figure 3.  DFT calculation for the selective growth of graphene on c-plane of NPSS. a) DFT-calculated surface energy per area as a function of O chemical 
potential, with µH maintained at 1 eV for c-plane of sapphire. Different geometries, such as “1Al,” “2Al,” “O1,” and “3HO3,” (see Figures S1 and S2, 
Supporting Information) are depicted in different colors. The green shaded region is the corresponding chemical potential interval of the selected experi-
mental condition. b,c) Side view of selected stable model of c-plane b) and r-plane c) sapphire, with oxygen and aluminum atoms represented in red 
and purple, respectively. d) Energy profiles of the dehydrogenation process of CH4 at the surfaces of c-plane (green line) and r-plane (orange line) sap-
phire. e,f) Binding energy e) and diffusion barrier f) of CH3 and CH2 species on the surfaces of c-plane (green bars) and r-plane (orange bars) sapphire.
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redshift to 397.8.4  nm (Figure S13, Supporting Information), 
because a severe nonradiative recombination induces high 
thermal effect in poor crystal quality epilayer. The luminescence 
peak of UV-LED on patterned graphene/NPSS is located around 
380  nm and negligible sensitivity to current, indicating signifi-
cant stress relaxation and improved crystal quality facilitated by 
graphene (Figure  5f). Overall, the patterned graphene realizes 
the locationally controlled nucleation of AlN on desired locus 
and further enhances ELOG process with reduced dislocation 
density, targeting to high-performance UV-LEDs.

3. Conclusion

In summary, we have successfully achieved the direct growth 
of patterned graphene by utilizing physical design and chem-
ical property of NPSS and realized their critical application in 
epitaxy of AlN film. DFT calculations and analog simulations 
confirmed that compared to the concave r-plane, the flat c-plane 
is characterized by lower active barriers for methane decompo-
sition and active carbon species diffusion, as well as a greater 
supply of carbon precursor for graphene growth. Thus obtained 
patterned graphene on the flat c-plane of NPSS was verified to 
be monolayer and high quality. During subsequent AlN growth, 
the patterned graphene enhanced the ELOG process by pro-
moting selective nucleation of AlN and reducing the diffusion 
barrier. Thus obtained AlN epilayer on “selectively” grown 

graphene/NPSS exhibited substantially reduced dislocation 
density and, accordingly, high-performance UV-LED can be fab-
ricated. Moreover, the growth of AlN on graphene/NPSS only 
requires one-step process without low temperature AlN buffer 
which can shorten the MOCVD growth time and cost. This 
work can motivate and inform further advancements, such as 
the controllable growth of various patterned graphene on die-
lectric substrates for electronic device applications, fulfilling the 
cutting-edge applications of graphene.

4. Experimental Section
Fabrication of NPSS: The NPSS which served as a substrate for this 

study was fabricated by the nanosphere lithography assisted wet etching 
method. In short, 200 nm thick SiO2 film was deposited on c-sapphire 
and subsequently coated with positive photoresist and polystyrene 
(PS) nanospheres. Photolithography was conducted to remove PS 
nanospheres and then inductively coupled plasma etching of SiO2 
were applied. Finally, the sapphire was etched in a mixed solution 
(H2SO4:H3PO4  = 3:1) for 10  min, and the SiO2 mask was removed by 
hydrofluoric acid.

Selective Growth of Graphene on Nanopatterned Sapphire Substrate: 
The fabricated NPSS was loaded into a high-temperature furnace. Then, 
the furnace was heated to 1050 °C, and maintained in air for 1 h. After 
replacing the air with Ar, introducing 150  sccm Ar, 50  sccm H2, and 
15 sccm CH4 for the growth of graphene for about 3 h.

MOCVD Growth of AlN on Selectively Grown Graphene/NPSS: The 
selectively grown graphene/NPSS was treated by N2 plasma at 50  W 

Figure 4.  The controllable growth of graphene on NPSS by adjusting carbon precursor and system pressure. a) 2D simulated distributions of the gas 
velocity at the NPSS surface (atmospheric pressure, 100 sccm Ar, 50 sccm H2, 15 sccm CH4). b) 2D simulated distributions of the gas velocity at the 
NPSS (1500 Pa, 500 sccm Ar, 300 sccm H2, 300 sccm ethanol). c) SEM image of the full graphene covered NPSS. d) Typical Raman spectra of full 
graphene covered NPSS. Inset shows the Raman mapping of full graphene covered NPSS. Sale bar: 1 µm.
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power for 30 s before it was loaded into the MOCVD chamber. AlN film 
was directly grown on the graphene/NPSS without a low temperature 
buffer layer. The conditions were 1200 °C and a mixed gas atmosphere 
of 500 sccm NH3 and 50 sccm trimethylaluminum (TMAl). Then, a 2 µm 
thick layer of Si-doped n-GaN, a nine-period layer of InxGa1−xN/GaN 
multiquantum-wells, and a 150 nm thick layer of Mg-doped p-GaN were 
deposited on the AlN/graphene/NPSS.

Characterization: The morphology and structure of the selectively 
grown graphene, AlN, and UV-LED structure on NPSS were characterized 
with SEM (Hitachi S-4800, operated at 1  kV), Raman spectroscopy 
(WITec, alpha300 RS, with laser spot size ≈500  nm), environment 
scanning electron microscopy (FEI Quanta 200F), AFM (BRUKER 
Dimension Icon), X-ray diffraction (Rigaku, D/MAX 2500 PC), TEM (FEI 
Tecnai F20, operated at 200  kV), and Aberration-corrected TEM (Nion 
U-HERMES 200, operated at 60 kV and FEI Titan Cubed Themis G2 300, 
operated at 300 kV).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5.  Patterned graphene enables fast growth of high quality AlN film on NPSS and high performance LED fabrication. a) SEM image of the initial 
growth of AlN on patterned graphene/NPSS (1200 °C, 500 sccm N2, 50 sccm H2, 15 ccm TMAl, 6 min). b) SEM images of as-grown AlN film on “selec-
tively” grown graphene/NPSS after 3 h. c) Dark field image of as grown AlN film with g = 0002. d) Histogram of (1012) FWHM and (0002) FWHM for 
AlN films grown on bare NPSS, full graphene covered NPSS, and patterned graphene covered NPSS. e) EL spectra of the UV-LED on NPSS with and 
without the patterned graphene under a current of 40 mA for on-wafer measurement. Inset is the photograph of the electroluminescence from the 
UV-LED with patterned graphene. f) The normalized EL spectra of UV-LED on patterned graphene/NPSS with inject current ranging from 20 to 500 mA.
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