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Fast growth of wafer-scale graphene on sapphire 

Yinghan Li1,2,#, Feifei Xu3,#, Menglei Wang1,2,#, Jincan Zhang1,4,#,*, Jingyuan Shan2,5, Bingyao 
Liu6, Kaixuan Zhou1,2, Zaikun Xue1,2, Li Jia2, Wenze Wei2, Chao Wen4, Yaqi Gao8, Zhaolong 
Chen9, Wen Zhao3, Tongbo Wei8, Peng Gao6, Yanfeng Zhang5,7,*, Andrea C. Ferrari4,*, Jingyu 
Sun1,2,* & Zhongfan Liu2,5,* 
 

Abstract 
Efficient growth of graphene over wafer-scale insulators is essential for fab-integration. 
Here we show that modulations of step architectures and atomic surfaces of c-plane 
sapphire allow fast graphene growth on 6” wafers (complete coverage in 10 mins), 
thus enabling batch synthesis to reduce production costs. We identify carbon capture 
at Al-rich surfaces and unidirectional flake emergence guided by step edges as the key 
elements leading to uniform graphene films. The growth quality of single-layer 
graphene is demonstrated by testing over 3300 top-gated device arrays on a 4” 
graphene/sapphire wafer, reaching mobility > 3000 cm2V-1s-1. We use this to make 
white light-emitting diodes (LED) in an industrial production line, attaining~25% 
reduction in thermal resistance and~90% decrease in attenuation of light output power 
with respect to counterparts fabricated without graphene, during an accelerated aging 
test of 168 h at 85oC, equivalent to 1.8 years in normal room-temperature conditions. 
Our findings pave the way to transfer-free batch synthesis of high-quality graphene 
wafers. 
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Introduction 

Graphene is ideally suited for a variety of wafer-scale (opto)electronic applications1-5 and it is 
progressing towards fab-level integration2. Most approaches to date require transfer after growth on 
a Cu covered substrate6, however, the ultimate goal is to achieve direct growth via chemical vapor 
deposition (CVD) over target insulators, thus avoiding the transfer process7. In contrast to metals8-10, 
the decomposition of carbon precursors and the migration of carbon species need to surmount 3–10 
times higher energy barriers11, 12, owing to the lack of catalytic activity on insulators13, resulting in 
random domain orientations14 and uncontrollable layer thickness14. This is a bottleneck for scaling-up 
device processing at a wafer level.  

The ability to grow layered materials (LMs) on wafer scale holds transformative potential for next-
generation electronics3, 15, 16, optoelectronics3, 17 and photonics2, 3, 17, particularly for semiconductor 
technology nodes into the sub-nm regime18. A critical bottleneck remains in attaining large-area (≥ 4”), 
single-crystalline LMs on insulating substrates19, with spatial homogeneity, due to grain boundaries 
and adlayers20. Leading semiconductor companies have prioritized LM integration in their roadmaps21-

24 yet scalable synthesis of high carrier mobility LMs, e.g. ≥ 1000 cm2V-1s-1 for 4’’-sized SLG directly 
grown on sapphire, has not been achieved yet.  

Single-crystalline c-plane sapphire is the substrate of choice for wafer-scale LM growth due to its 
lattice compatibility22, atomic-level surface flatness22, and thermal/chemical stability22. As-synthesized 
TMDs25, 26 and single layer graphene (SLG)27 on sapphire have superior crystallinity and uniformity 
compared to those grown on Si28, 29, Si3N4

30, and SiC31, 32 (commonly used in CMOS processes30). 
SLG can be used to enhance the performance of LEDs33 by acting as buffer layer to guide the 
crystallographic alignment of III-nitride semiconductors34 on sapphire. SLG is also promising in solving 
the problem of heat dissipation for LED applications35, thanks to its high thermal conductivity36, 37. 
LEDs fabricated on sapphire using a vertically oriented SLG buffer were reported with~37% improved 
light output power and~3.8% temperature reduction with respect those without graphene37. However, 
the effect of SLG in improving heat dissipation for wafer-scale (≥ 2”) LED devices has not investigated 
yet. The application of wafer-scale CVD SLG/sapphire in industrial production lines of LEDs has not 
been demonstrated yet. 

The co-optimization of scale-cost-performance for SLG growth on sapphire faces obstacles, 
including (Table 1): (i) Slow growth rates (0.07 – 2 μm/h), with 4–15 h needed to fully cover one 2”-4” 
wafer28, 38-40. (ii) Trade-offs between size and quality: The size of SLG with I(D)/I(G)≤ 0.1 on a sapphire 
is ≤ 2”27. (iii) Limited understanding of growth mechanism. Step edges and/or atomic terraces of 
sapphire were used to guide the controllable production of TMDs18, 25, 26, yet remain unexplored for 
SLG growth27, 39, 41, 42. The role of Al-rich surface configurations as catalytic promotor in aiding SLG 
formation is unexplored27, 39, 41, 42. 

A few strategies27, 29, 39, 43, 44 have been developed to optimize SLG growth and realize wafer-
scale synthesis on insulating substrates, especially sapphire27, 39, 44, which combines high thermal 
stability (maintaining crystal lattice integrity at ~2000 °C)45, lattice symmetry compatibility with SLG46, 
and broad availability in semiconductor manufacturing47, 48. Surface reconstruction via pre-H2-etching 
was proposed39 to grow 4” SLG at 1200°C, but without the availability of batch production compatible 
with industrial lines. Surface metallization by fusing Cu foils over Al2O3(0001) was used for 2’’ wafer-
scale SLG growth by multi-cycled CVD27. However, Ref.27 did not report data on possible metal 
contamination stemming from the Cu foil. The parameter control was laborious because of the ~25 h 
annealing period, and the throughput low (1 piece at a time) compared to traditional49 CVD growth (> 



10 pieces at a time), limiting industrial uptake27. Ref.44 showed that increasing the temperature from 
1100 to 1400°C by using electromagnetic induction heating CVD resulted in 2” SLG/sapphire wafers 
with sheet resistance (Rs) = 587 ± 40 ohms/□44. However, the combination of I(D)/I(G) < 0.1, high 
production efficiency (complete coverage within 60 mins), 4” or larger wafer size, remains to be 
demonstrated. 

Here, we present a co-modulation strategy that leverages atomic terraces and step architectures 
of c-plane sapphire to enable the fast growth of SLG on 6” wafers with I(D)/(I(G)<0.05. The growth 
rate reaches~140 μm h-1, with 6” wafers entirely covered within 10 mins. This translates to a 
production efficiency (growth time for one 6” wafer) 10 to 10000 times higher than previous reports27, 

39, 50. Carbon capture at the Al-rich surface and unidirectional flake emergence guided by step edges 
are identified as dual drivers for the high-speed, high-quality growth of uniform SLG films. The 
formation of step-edges and the atomic-surface controls the nucleation and enlargement of SLG 
domains on sapphire. This contrasts previous reports claiming that the Al-terminated atomic-surface 
configuration is the dominant factor controlling SLG nucleation orientation27, 39, 42, 44. The size of the 
SLG/sapphire wafers can be readily extended to 8” and 12”.  

By using HfO2 (20 nm thick) prepared via low-temperature (200 oC) atomic layer deposition (ALD) 
as dielectric layer, we fabricate>3300 top-gated devices on 4” SLG/sapphire. These have an average 
room temperature mobility µ> 1000 cm2V-1s-1 and a maximum µ> 3000 cm2V-1s-1, surpassing previous 
results for transfer-free SLG devices in terms of scalability (430-1720% larger)29, 51.  

SLG grown on stepped sapphire also facilitates the nucleation of AlN domains, enabling their 
faster (200%) coalescence into void-free films. We grow GaN on 4’’ AlN/SLG/sapphire using the 
industrial GaN-based LED production line of Hangzhou Silan Microelectronics52, where white LED 
device arrays are fabricated52. In comparison with commercial GaN-based white LEDs on sapphire 
without SLG, our SLG-based LEDs show~25% reduction in thermal resistance and~90% decrease in 
the attenuation of the light output power during an aging test of 168 h. Our findings pave the way to 
transfer-free batch synthesis of high-quality graphene wafers. 
 

Graphene growth on c-plane sapphire 

SLG growth is carried out using an electromagnetic induction heating cold-wall CVD system, as 
shown in Fig. 1a. A graphite carrier is heated by an alternating magnetic field generated by an 
induction coil. The growth temperature (T) is monitored by a pyrometer, and the pressure is adjustable 
via a closed-loop control. 4” or 6” c-plane sapphire (Unionlight Technology Co., Ltd.) is placed on the 
graphite carrier. The substrate is then heated to ~1400°C under a mixture of H2 (500 sccm) and Ar 
(1000 sccm) at 2000 Pa, and stabilized for 15-30 mins. CH4 (100 sccm) is then introduced as the 
carbon precursor. After a set growth duration, the system is cooled to room temperature (RT) under 
the Ar and H2 mixture. 

Substrate engineering by pretreatment plays a major role in synthesizing high-quality (I(D)/I(G) 
< 0.1) SLG crystals19, 53. Using a c-plane (0001) sapphire with a small misorientation angle (~0.2°)54, 
controlled thermal annealing under elevated T~1400°C in vacuum enables the formation of ordered 
step edges and terraces (Supplementary Fig. 1 and 2) with a (0001) surface without discernible 
reconstructions (Supplementary Figs. 3 and 4). Surface lattice oxygen is prone to be lost39, resulting 
in an Al-rich surface. This boosts the dissociation of the precursor molecules and the unidirectional 
growth of SLG domains, which ultimately give rise to a complete SLG film (Fig. 1b). To achieve Al-
rich flat terraces and regular step edges, a cold-wall apparatus is used, where the substrate is directly 



placed over a graphite carrier to allow heating. The growth parameter space is enhanced compared 
to typical CVD reactors27, 29, 39, 55, enabling T~1400°C in 10 min, over 10 times faster than hot-wall 
reactors49. Upon delivery of CH4, SLG wafer-coverage is achieved in 10 min. This can be extended 
to 6” wafers (Fig. 1c). To demonstrate wafer-scale synthesis with stable batch productivity, the growth 
experiments are carried 11 times. The resulting 4” SLG/sapphire wafers exhibit inter-batch and intra-
wafer uniformity, as shown in Fig. 1c.  

 
Fig. 1. Synthetic strategy. a, Schematic of direct growth of SLG on annealed sapphire wafer. b, 
Schematic of CVD reactor equipped with a gas distribution plate, with the substrate placed on a 
graphite carrier. c, Photograph of synthesized 6” SLG/sapphire wafers. The inset shows photographs 
of the sapphire wafer before (left) and after (right) SLG growth. 
 

A uniform distribution of gaseous precursors is the key to the macroscopic homogeneity of SLG 
at a wafer scale. In our system, a gas distribution plate is incorporated beneath the gas inlet, designed 
to aid the even dispersion of gas flows prior to reaching the substrate. Supplementary Fig. 5 reports 
the simulations of the gas flow field with/without the presence of plate. Fig. 2a suggests that the 
porous structure of the plate guides the gas flow into a uniformly dispersed form, covering the whole 
6’’ substrate carrier, mitigating any dead zones without gas covered, leading to an even distribution 
of gas across the substrate. The reduction from ~0.31 (± 0.07) to ~0.28 (± 0.02) mm s-1 in flow velocity 
caused by the plate also helps diminish the generation of turbulence flow within the chamber.  

Fig. 2b presents optical transparency (measured by UV-vis transmittance spectroscopy, Perkin-
Elmer Lambda 950) and Rs (measured by four-probe system, ResMap 178) of 5 representative 
samples. The transmittance at 550 nm for each 4” SLG/sapphire assessed across 30 points is~97.4-
97.8%, consistent with the 2.3% optical absorbance of SLG56. The wafer-level Rs distribution is narrow 



(standard deviation~2.37-4.15%), with average<600 ohms □−1 without any treatment. 
Fig. 2c and Table 1 compare our approach with other transfer-free CVD synthesis on sapphire27, 

39, quartz38, 57, SiO2/Si28, 29 and h-BN13, 40, in terms of growth rate, batch time, I(D)/I(G), domain size 
and SLG coverage. Our approach enables one or two orders of magnitude faster wafer-level synthesis, 
while maintaining crystallinity and coverage, with domain size>40μm, paving the way for fab-level 
electronic/optoelectronic device production. 

 

Fig. 2. Wafer-scale synthesis. a, Simulation of gas distribution within the CVD chamber (1400°C; 
3000 Pa) (top panel) and 3d color maps of flow velocity over the graphite carrier surface (bottom 
panel). b, Rs maps and visible light transmittance statistics of 5 representatives 4” SLG/sapphire 



wafers from adjacent batches (30 data points per sample). c, Comparison of our approach and other 
direct CVD routes in terms of growth rate, I(D)/I(G), sample size, domain size, batch/h13, 27-29, 38-40, 57.  



Table 1. Growth rate, batch/h, I(D)/I(G), domain size, sample size, carrier mobility and Rs reported here in in previous SLG grown on dielectric 
substrates. 

*Device fabricated after SLG transfer onto SiO2/Si, †electrolyte-gated device. 
 

 

 

 

 

Refs. 
Substrat

e 

Growth 
rate 

(μm/h) 
Batch/h I(D)/I(G) 

Excitation 
wavelengt

h 

Domain 
size (μm) 

Maximum 

sample size 

Carrier mobility at 
RT 

(cm2V−1s−1) 

Rs 

(Ω □−1) 
Applications 

This 
work 

Sapphire 140 1.5-3 0.04 514 nm 42 6’’ >3,000 <600 Transistors; 
transparent 

electrodes, LED, 
microelectronics 

39 Sapphire 0.9-2 4-7 0.13 532 nm ~1 6’’ 2,260* ~1,100 

27 Sapphire ~0.07 ~13.8 / 532 nm ~74 2’’ 
Electron: 7,400* 

Hole: 8,600* 
/ 

38 Quartz 0.13-0.4 4.5-13.5 0.27 514 nm 1.8 6 × 10 cm2 / ~900 Optical modulators, 
THz wave devices, 
chemical sensors 57 Quartz 0.12-0.37 5-11 0.28 / 0.7-0.8 

60 × 60 
mm2 

/ / 

28 SiO2/Si ~0.12 6-10 0.37 532 nm ~0.47 4’’ 15,773† 1,409 
CMOS compatible 

devices, 
MEMS/NEMS 

devices 

29 SiO2/Si 0.22 7.5 0.83 633 nm 1 
1.5 × 1.5 

cm2 
1,510 / 

40 h-BN 1 6 / 514 nm 20 4’’ / / 
Quantum devices, 
spintronic devices 13 h-BN 40 3.5-5 / 

488/532/6
33 nm 

20 < 1’’ 
Electron: 23,000* 

Hole: 19,000* 
/ 



 

Fig. 3. Characterization. a, Photograph of 4” SLG/sapphire wafer. b, SEM image of SLG on sapphire. 
c, STM image of SLG, displaying a continuous honeycomb lattice. d, Representative Raman 
spectrum of as-grown SLG on sapphire 

Characterization 

The elevated T = 1400°C in the cold-wall CVD system enhances the efficiency of CH4 
decomposition and the migration of active carbon species58, 59. Under an optimized growth window 
(1400°C, 3000 Pa, 1000 sccm Ar, 500 sccm H2, 100 sccm CH4), continuous SLG film can be 
synthesized on 4” sapphire wafers within 10 mins, Fig. 3a. There is no observable breakage in SEM 

images (Fig. 3b). This is also shown by the atomic force microscopy (AFM, Bruker Dimension Icon) 

characterization in Supplementary Fig. 6. Scanning tunneling microscopy (STM, Omicron VT-

STM/STS 330 system) resolves the SLG hexagonal honeycomb lattice (Fig. 3c). The grown surface 

is devoid of contaminant, as confirmed by X-ray photoelectron spectroscopy inspection (Kratos 

Analytical Axis Ultra spectrometer using a monochromatic Al Kα x-ray source) (Supplem. Fig. 7).  

To transfer SLG, the sample is spin-coated by poly (methyl methacrylate) (PMMA 950K A4) and 
then the sapphire is etched using a 10% mass capacity NaOH solution. After that, PMMA/SLG is 
placed on SiO2/Si and dried. Acetone is then used to remove the PMMA. 

The optical microscopy (OM, Olympus DX51) image upon transfer from sapphire onto SiO2/Si 

shows lack of contrast variations, indicative of full coverage SLG (Supplementary Fig. 8). Cross-



sectional transmission electron microscopy (TEM, FEI Tecnai F20; operating at 200 kV) corroborates 

uniform SLG formation (Supplementary Fig. 9). A step edge (2.7 nm in height) and the continuous 
coverage of the SLG on sapphire are also revealed by cross-sectional TEM (Nion U-HERMES 200; 
at 60 kV), with more details in Supplementary Fig. 10. 

As-grown SLG is characterized by Raman spectroscopy with a Renishaw InVia spectrometer 
equipped with 100x objective at 514.5 nm. 63 spectra are collected from SLG/sapphire to estimate 
doping and defect density. The errors are calculated from the standard deviation across different 
spectra, the spectrometer resolution (∼1 cm-1) and the uncertainty associated with the different 
methods to estimate the doping from full width at half maximum of G-peak, FWHM(G), intensity and 
area ratios of 2D and G peaks, I(2D)/I(G), A(2D)/A(G). Supplementary Table 1 summarizes the 
Raman peaks fits, EF, charge carrier density n and defects density nD. EF is derived from A(2D)/A(G), 
I(2D)/I(G) and FWHM(G)60-62. First, n is derived from A(2D)/A(G), I(2D)/I(G) and FWHM(G) for each 
spectrum as for Refs.61, 62. 

The strain is derived from Pos(G)63, 64. Since Pos(G) depends on both EF and strain, we first 
derive EF from A(2D)/A(G), I(2D)/I(G) and FWHM(G), which are independent of strain60-62, and then 
calculate Pos(G) corresponding to this EF. The strain is then retrieved from the difference between 
the experimental and calculated Pos(G): [Pos(G)𝑐𝑎𝑙𝑐 − Pos(G)𝑒𝑥𝑝]/ΔPos(G), with ΔPos(G) ~23 cm−1/% 
for uniaxial strain63 and ∼60 cm−1/% for biaxial strain63. nD is derived from I(D)/I(G) for a specific EF, 
using n𝐷 = (2.7 ± 0.8) × 1010E𝐿4 [eV]I(D)/I(G)E𝐹(eV)(0.54±0.04)62. The Raman spectrum of as-grown 
SLG is in Fig. 3d. The 2D peak is a single-Lorentzian with FWHM(2D) = 29 ± 1 cm−1, Pos(G) = 1588 
± 1 cm−1, FWHM(G)= 16 ± 2 cm−1, Pos(2D) = 2693 ± 1 cm−1, I(2D)/I(G) = 5.6 ± 0.9 and A(2D)/A(G) = 
10.2 ± 1.3, indicating a p-doping with EF= 210 ± 75 meV61, 62 . I(D)/I(G) = 0.01 ± 0.05 corresponds to 
nD ~ 5.8 ± 2.0 × 1010 62 for 2.41 eV excitation. Biaxial strain can be differentiated from uniaxial by the 
absence of G-peak splitting with increasing strain, however at low (≤0.5%) strain the splitting cannot 
be resolved. For uniaxial (biaxial) strain, Pos(G) depends on both EF and strain61, 63. To obtain the 
contribution of strain only, we first derive EF from A(2D)/A(G), I(2D)/I(G) and FWHM(G), which are 
independent of strain60-62, and then calculate Pos(G) corresponding to this EF. The strain is then 
retrieved from the difference between the experimental and calculated Pos (G), with biaxial strain = 
0.07 ± 0.02% and uniaxial strain = 0.18 ± 0.04%. 

To further evaluate the quality and uniformity of our SLG films, we prepare 3328 SLG top-gated 
field effect transistor (GFET) arrays on a 4” SLG/sapphire wafer (Fig. 4a). We use electron beam 
lithography (EBPG 5200, Raith GMBH) with double-layer PMMA (kayakuAM) as resist. 495k PMMA 
A2 and 950k PMMA A4 are spin-coated onto SLG/sapphire, both using 1 krpm rate, followed by baking 
at 120°C for 5 min. AR-PC (Allresist, Electra 92) is then used to enhance electrical conductivity of 
SLG/sapphire (4 krpm, 60°C bake for 2 min). Electrode materials, Au and Cr, are deposited by thermal 
evaporation (MiniLab 60, Moorfield Nanotechnology Ltd) at 1.0 and 0.4 nm/s, respectively under a 
high vacuum (10−7 - 10−6 torr). The SLG channels are patterned using oxygen plasma etching (3 W, 
75 sccm, 10−5 Torr, 30 s) (NanoEtch, Moorfield Nanotechnology Ltd). HfO2 is deposited atop the SLG 
channel at 130°C using thermal atomic layer deposition (Fiji, Veeco) as top gate dielectric. The 
devices are measured using a Cascade Probe Station and Parameter Analyzer at RT in air by applying 
a constant drain current (50 μA) and sweeping VG from −5 to 5 V. To exclude contact resistance on 
calculating carrier mobility, four-probe measurements (CDE ResMap 178) are performed10,11. 



 

Fig. 4. Transport properties. a, Photograph of top-gated SLG device array based on 4” 
SLG/sapphire. The inset shows OM image of a top-gated SLG device. b, Transfer curves of 100 
GFETs. c, Color map of µ distribution over a 4” wafer. d, Representative gate-dependent Rs and µ.  

A zoomed-in OM image of device arrays is in Supplementary Fig. 11. Both length (L) and width 
(W) of the SLG channels are 5 μm (Fig. 4b, Inset). Fig. 4b plots the resistivity [ρ = (W*V12)/(Isd*L)] of 
100 SLG devices as a function of VG. μ is extracted using the direct transconductance method as μ= 
[L*(∂Isd/∂VG)]/(V12*C*W), where C is the back gate capacitance, calculated using the relative 
permittivity (~10.5) of 20 nm thick HfO2, estimated fabricating dual-gated SLG devices on SiO2/Si 
(Supplementary Fig. 12)65, 66. Supplementary Fig. 13 provides statistical results of RT, ambient-air 
μ of 100 GFETs fabricated in one batch. >99% devices have μ>1,000 cm2V−1s−1, with average µ~1298 
(± 135) cm2V-1s-1. Fig. 4c summarizes the mapping of GFETs on 4” sapphire. Fig. 4d shows a GFET 
with μ >3000 cm2V-1s-1, outperforming previous transfer-free GFETs without h-BN encapsulation67. 

Growth mechanism 

To gain further insights into the role of step structures in SLG growth, first-principles calculations 
based on density functional theory (DFT) are performed to investigate the optimal orientation of SLG 
domains on sapphire (Supplementary Fig. 14). The adsorption of C24H12, considered as nucleation 
seed44, 68, at a step edge site is simulated with cluster edges passivated by H atoms to avoid any edge 



effects. The SLG armchair edge is designated as 0° when parallel to the armchair edge of the sapphire 
substrate. The cluster is then rotated from 0° to ± 30° at 5° intervals (Fig. 5a and Supplementary 
Fig. 15). Our calculations indicate that C24H12 has a minimum energy configuration at a vector angle 
of 0°, ~0.06 eV lower than −30° and 30° configurations (Fig. 5b), suggesting stable orientation of SLG 
guided via sapphire step edges.  

 

Fig. 5. Mechanistic insight into co-manipulation growth. a, Relaxation structures of C24H12 cluster 
adsorbed on the steps of Al2O3 (0001) with rotation angles of 0, 10, 20, 30°. b, Relative (referenced 
to 0°) energies of C24H12 clusters adsorbed at different rotation angles. c, Optimized structures for CH, 
CH2 CH3 and CH4 adsorbed on Al-terrace (upper panel) and Al-step (lower panel). d, Calculated 
adsorption energy of CHx (x = 0-4) on Al-terrace and Al-step surfaces. Al and O atoms are represented 
by blue and red balls, respectively. 
 

The Al2O3 (0001) surface has been confirmed to exhibit Al termination under high-T conditions44, 

69. Models of Al-terrace and Al-step were constructed to investigate the adsorption behavior of carbon 
species during the initial stages of SLG growth. An Al-rich surface might favor the decomposition of 
carbon sources, because Al sites are strong Lewis acids that dissociate CH4 molecules39, thus SLG 
growth. To probe the catalytic effect of the Al-rich surface, we calculate the adsorption energies of 
carbon species (CHx, x = 0-4) on both Al-terrace and Al-step of the c-plane sapphire (Fig. 5c). A plane-
wave cutoff energy of 400 eV is used, and the Brillouin zone is sampled using a 3×3×1 Monkhorst-
Pack k-point grids for structure relaxations. As for Fig. 5d, the adsorption energy (Eads) remains 
negative, indicating that Al-rich surfaces favor the capture of carbon species. The negative Eads for Al-
steps are larger than for Al-terraces, suggesting that carbon species are more likely to adsorb at Al-
steps for nucleation.  

Our computational model considers a C24H12 cluster on an Al-step, with armchair edges parallel 
to those of sapphire. The adsorption energies of carbon atoms incorporated at 4 inequivalent positions 



are calculated to investigate the propagation process of SLG edges along the steps. As depicted in 
Supplementary Figs. 16 and 17, the adsorption energy for carbon atoms attached along the steps 
(sites 1 and 4) is lower. SLG domains are prone to expand along the direction of the steps, in good 
agreement with Supplementary Fig. 18. Collectively, our theoretical and experimental results 
demonstrate the growth benefits from synergistic modulations of step architectures and Al-rich surface 
features. This implies equal importance of terraces and edges.  

 
Fig. 6. LED application. a, Schematic illustration of epitaxial growth of AlN on stepped sapphires 
wafers without and with SLG. b,c, SEM images of (b) AlN domains and (c) continuous films on 
SLG/sapphire. d, Photograph of white LED fabricated using GaN/AlN/SLG/sapphire. e, Light-up yield 
of SLG-based white LEDs on a 4’’ wafer. f, Comparison of our LEDs with commercial ones in terms 
of thermal resistance (heat dissipation capability), junction T (T of the PN junction inside the LED), 
forward voltage (the voltage required during LED operation), and aging test performance (device 
stability under prolonged operation or in high-T environment). 



Our SLG/sapphire samples can be used for remote epitaxy of III-nitride semiconductors, for which 
size70 (wafer scale, ≥2’’) and efficiency71 (time required to form continuous films) are important. 
Taking AlN, a wide (4.7-6.3 eV)-bandgap72 group III nitride material73, as an example, previous works 
claimed that 1 h74, 75 is required to get continuous films and 2 h76 for 2’’-sized AlN/SLG/sapphire wafer. 
Our SLG/sapphire promotes both nucleation and growth rates of AlN domains (Figs. 6a and 6b) in 
comparison to the as-purchased commercial sapphire (Unionlight Technology Co., Ltd.), without 
degrading the crystallinity of the AlN film (Supplementary Figs. 19−21). The presence of atomic 
steps in our SLG/sapphire not only increases the AlN nucleation density (number of AlN domains per 
μm2) from 26 μm-2 on commercial sapphire to 62 μm-2 on our SLG/sapphire substrates, but also 
facilitates faster (200% in comparison to sapphire without SLG and Refs.75, 76) formation of void-free 
films, enabling complete 2” wafer coverage within 0.5 h (Fig. 6c).  

After the formation of continuous AlN film on SLG/sapphire, we used the production line of 
Hangzhou Silan Microelectronics52 for landscape lighting to deposit GaN films by metal organic CVD 
on it and then produce SLG-based white LEDs by replacing their sapphire wafers with our 
SLG/sapphire, without changing other parameters, such as deposition T and flow rate77.  

One of the lighting white LED is shown in Fig. 6d. Performance tests of both commercial LEDs 
and our SLG-based white LEDs are conducted to compare their lighting yield (ratio of working devices 
in one batch based on electroluminescence test), thermal resistance (Rθ), forwards voltage (VF), and 
junction temperature (Tj) (Fig. 6e). An aging test is conducted under 200 mA for 168 h by monitoring 
the attenuation of the light output power (ΔLOP), drift of VF (ΔVF), and shift of emission wavelength 
(ΔWLD). For each group of experimental conditions, 10 LED devices are tested, and the mean is 
used as the benchmark for performance evaluation to ensure statistical significance. Our SLG-based 
LEDs exhibit a 25% reduction in Rθ (53.47 vs. 71.42 oCW-1), 6% decrease in Tj (106.14 vs. 112.975 
oC), 4% drop in forward voltage (2.168 vs. 2.259 V), together with~90% decrease in ΔLOP (0.13% 
vs. 1.19% mW), 8.33% decrease in ΔWLD (0.11 nm vs. 0.12 nm) and 37.93% decrease in ΔVF (0.18% 
vs. 0.29% V) (Fig. 6f), with their lighting yield (75%) 7% smaller than commercial white LEDs (82%). 
This can be attributed to SLG thermal conductivity36, 78 and indicate the potential of our SLG/sapphire 
wafers for commercialization, especially when stability and lifetime of LEDs are concerned. 

 

Conclusions 

We reported the fast growth of 4’’and 6’’ high-quality (I(D)/I(G) < 0.1) SLG on c-plane sapphire. The 
co-manipulation of step edge formation and atomic surface configuration under elevated T=1400 °C 
is a key requirement for successful preparation of wafer-sized continuous SLG, reducing the per-
batch processing time by one to two orders of magnitude compared to previous reports27-29. 
 

Methods 

Density functional theory. All the calculations are performed by using DFT methods implemented in 
the Vienna ab initio simulation package79. The exchange-correlation effects and electron-nuclei 
interactions are described by the Perdew-burke-Ernzerhof scheme80, within the general gradient 
approximation and the projector augmented wave method, respectively81. To avoid interactions 
between two adjacent images, a vacuum space of at least 15 Å is chosen between the images. The 
convergence threshold for the self-consistent field is set at 10−4 eV for the total energy change and 
0.02 eV/Å for the maximum forces on atoms. As for the model of SLG clusters on stepped sapphire, 
the calculations employ a plane-wave cutoff energy of 400 eV and a 1×1×1 Monkhorst-Pack82 k-point 



grid to sample the Brillouin zone for structural relaxation79. To avoid interactions between two adjacent 
images, a vacuum space of at least 10 Å is chosen. The convergence threshold for the self-consistent 
field is set at 10−3 eV for the total energy change and 0.5 eV/Å for the maximum force on atoms. To 
provide more accurate data, a van der Waals DFT-D2 method based on the exchange-correlation 
function is used83. The binding energy (Eb) between adsorbent molecules and surface is defined as 
the energy difference between the adsorption system (Ecomplex) and the sum of pure surface (Esurface) 
and pure adsorbent molecules (Eabs): Eb = Ecomplex − (Esurface + Eabs). The lower adsorption energy 
indicates the more stable state. 
 

COMSOL Multiphysics simulation. We use transient computation84 to model the pressure and 
velocity fields over a duration of 2 s with a time step of 0.2 s. The GMRES solver85 is employed, 
configured with a residual tolerance of 0.01 and a maximum of 100 iterations, using a 5-level multigrid 
approach for smoothing aggregation. Default settings are maintained for the number of iterations and 
degrees of freedom, and the PARDISO direct solver86 is used for coarsening with default settings. 
The meshing for the air domain is carried out using free tetrahedral meshes, with refinements at 
cavities and chamfers (locally finer mesh near geometric features). The mesh for the domain with a 
gas distribution disk consists of 1,068,923 elements, averaging a quality score (mean of element-wise 
shape metrics over the entire mesh87) of 0.8085, while the mesh without the disk comprises 316,841 
elements with an average quality of 0.8628. We use a transient compressible laminar flow model87, 
with governing equations for momentum and mass conservation as follows87: 

                     (1) 

                              (2) 
where ρ is the density (kg/m3),   is the velocity vector (m/s), p is the pressure (pa), K is the viscous 
stress tensor (pa), and F is the gravity acceleration (N/m3). The gas properties equation is as follows88: 

                    (3) 

                                   (4) 

                        (5) 
where I is the identity tensor. The inlet boundary condition is defined as a mass flow, with89: 

                 (S6) 
where sccm represents the standard flow rate, Pst is the standard pressure, and Tst is the standard 
temperature. Specifically, Qsccm is 1600 sccm, Pst is 3000 Pa, and Tst is 1400 °C. 



The outlet boundary condition is defined as a pressure exit90: 

                  (S7) 

where Pav is the average pressure. 
 

Acknowledgments 

We acknowledge funding from the National Key R&D Program of China (2019YFA0708201), National 

Natural Science Foundation of China (T2188101, 52402044, 52192614), Science Fund for 

Distinguished Young Scholars of Jiangsu Province (BK20211503), the Suzhou Key Laboratory for 

Advanced Carbon Materials and Wearable Energy Technologies, Suzhou, China, Natural Science 

Foundation of Jiangsu Province (No. BK20241790), Jiangsu Materials Science Association (No. 

JSTJ-2024-047), Gusu Innovative Leading Talent Project (ZXL2024368), and the Soochow University 

(Nos. NH16001124 and SR16000124), EU Graphene Flagship, ERC Grants Hetero2D, GIPT, EU 

Grants GRAPH-X, CHARM, PIXEurope, EPSRC Grants EP/K01711X/1, EP/K017144/1, 

EP/N010345/1, EP/L016087/1, EP/V000055/1, EP/X015742/DSTL. 

 

Author contributions 

J. Sun, J.Z. and Z.L. designed the concept. Y.L., M.W., J. Shan, K.Z., Z.X., L.J., W.W., Z.C. performed 

the sample growth. F.X. and W.Z. conducted the theoretical calculations. B.L. and P.G. performed 

the TEM characterizations. C.X. and Y.Z. carried out the STM measurements. Y.G. and T.W. 

performed the AlN growth and fabricated the LED device. J.Z. C.W. and A.C.F. performed the Raman 

analysis and electrical measurements. Y.L., F.X., W.Z., J. Sun, J.Z., A.C.F. and Z.L. co-wrote the 

manuscript. All authors discussed the experimental and theoretical results and commented on the 

manuscript. All authors have approved the final version of the manuscript.  

 

Competing interests 

The authors declare no competing interests.  

References 

1. Montblanch, A.R.P., Barbone, M., Aharonovich, I., Atatüre, M. & Ferrari, A.C. Layered materials as a platform 

for quantum technologies. Nat. Nanotechnol. 18, 555-571 (2023). 

2. Romagnoli, M. et al. Graphene-based integrated photonics for next-generation datacom and telecom. Nat. 

Rev. Mater. 3, 392-414 (2018). 

3. Ferrari, A.C. et al. Science and technology roadmap for graphene, related two-dimensional crystals, and 

hybrid systems. Nanoscale 7, 4598-4810 (2015). 

4. Koppens, F.H.L. et al. Photodetectors based on graphene, other two-dimensional materials and hybrid 

systems. Nat. Nanotechnol. 9, 780-793 (2014). 

5. Bonaccorso, F., Sun, Z., Hasan, T. & Ferrari, A.C. Graphene photonics and optoelectronics. Nat. Photonics 

4, 611-622 (2010). 

6. Backes, C. et al. Production and processing of graphene and related materials. 2D Mater. 7, 022001 (2020). 

7. Wang, H. & Yu, G. Direct CVD graphene growth on semiconductors and dielectrics for transfer-free device 

fabrication. Adv. Mater. 28, 4956-4975 (2016). 

8. Li, X. et al. Large-area synthesis of high-quality and uniform graphene films on copper foils. Science 324, 



1312-1314 (2009). 

9. Wu, T. et al. Fast growth of inch-sized single-crystalline graphene from a controlled single nucleus on Cu–

Ni alloys. Nat. Mater. 15, 43-47 (2016). 

10. Lee, J.-H. et al. Wafer-scale growth of single-crystal monolayer graphene on reusable hydrogen-

terminated Germanium. Science 344, 286-289 (2014). 

11. Köhler, C., Hajnal, Z., Deák, P., Frauenheim, T. & Suhai, S. Theoretical investigation of carbon defects and 

diffusion in α-quartz. Phys. Rev. B 64, 085333 (2001). 

12. Yazyev, O.V. Magnetism in disordered graphene and irradiated graphite. Phys. Rev. Lett. 101, 037203 

(2008). 

13. Tang, S. et al. Silane-catalysed fast growth of large single-crystalline graphene on hexagonal boron nitride. 

Nat. Commun. 6, 6499 (2015). 

14. Tsen, A.W., Brown, L., Havener, R.W. & Park, J. Polycrystallinity and stacking in CVD graphene. Acc. Chem. 

Res. 46, 2286-2296 (2013). 

15. Bonaccorso, F. et al. Production and processing of graphene and 2D crystals. Mater. Today 15, 564-589 

(2012). 

16. Fiori, G. et al. Electronics based on two-dimensional materials. Nat. Nanotechnol. 9, 768-779 (2014). 

17. Woessner, A. et al. Highly confined low-loss plasmons in graphene–boron nitride heterostructures. Nat. 

Mater. 14, 421-425 (2015). 

18. Zeng, S., Liu, C. & Zhou, P. Transistor engineering based on 2D materials in the post-silicon era. Nat. Rev. 

Electr. Eng. 1, 335-348 (2024). 

19. Wang, J. et al. Dual-coupling-guided epitaxial growth of wafer-scale single-crystal WS2 monolayer on 

vicinal a-plane sapphire. Nat. Nanotechnol. 17, 33-38 (2022). 

20. Liu, C. et al. Understanding epitaxial growth of two-dimensional materials and their homostructures. Nat. 

Nanotechnol. 19, 907-918 (2024). 

21. Chen, T.-A. et al. Wafer-scale single-crystal hexagonal boron nitride monolayers on Cu (111). Nature 579, 

219-223 (2020). 

22. Fu, J.-H. et al. Oriented lateral growth of two-dimensional materials on c-plane sapphire. Nat. Nanotechnol. 

18, 1289-1294 (2023). 

23. Jayachandran, D., Sakib, N.U. & Das, S. 3D integration of 2D electronics. Nat. Rev. Electr. Eng. 1, 300-316 

(2024). 

24. Systems, I.R.f.D.a. in International Roadmap for Devices and Systems™ (IRDS™) 2024 Edition (Institute of 

Electrical and Electronics Engineers (IEEE), United States; 2024). 

25. Liu, L. et al. Uniform nucleation and epitaxy of bilayer molybdenum disulfide on sapphire. Nature 605, 69-

75 (2022). 

26. Zhu, H. et al. Step engineering for nucleation and domain orientation control in WSe 2 epitaxy on c-plane 

sapphire. Nat. Nanotechnol. 18, 1295-1302 (2023). 

27. Li, J. et al. Wafer-scale single-crystal monolayer graphene grown on sapphire substrate. Nat. Mater. 21, 

740-747 (2022). 

28. Ci, H. et al. Transfer-free quasi-suspended graphene grown on a Si wafer. Adv. Mater. 34, 2206389 (2022). 

29. Chen, J. et al. Two‐stage metal‐catalyst‐free growth of high‐quality polycrystalline graphene films on 

silicon nitride substrates. Adv. Mater. 25, 992-997 (2013). 

30. Fan, J.C.C., Geis, M.W. & Tsaur, B.Y. Lateral epitaxy by seeded solidification for growth of single‐crystal Si 

films on insulators. Appl. Phys. Lett. 38, 365-367 (1981). 

31. Miwa, J.A. et al. Van der Waals Epitaxy of Two-Dimensional MoS2–Graphene Heterostructures in Ultrahigh 



Vacuum. ACS Nano 9, 6502-6510 (2015). 

32. Lee, E.W., II et al. Growth and electrical characterization of two-dimensional layered MoS2/SiC 

heterojunctions. Appl. Phys. Lett. 105, 203504 (2014). 

33. Kim, Y. et al. Remote epitaxy through graphene enables two-dimensional material-based layer transfer. 

Nature 544, 340-343 (2017). 

34. Shin, J. et al. Vertical full-colour micro-LEDs via 2D materials-based layer transfer. Nature 614, 81-87 

(2023). 

35. Harbers, G., Bierhuizen, S.J. & Krames, M.R. Performance of high power light emitting diodes in display 

illumination applications. J. Disp. Technol. 3, 98-109 (2007). 

36. Balandin, A.A. Thermal properties of graphene and nanostructured carbon materials. Nat. Mater. 10, 569-

581 (2011). 

37. Ci, H. et al. Enhancement of heat dissipation in ultraviolet light-emitting diodes by a vertically oriented 

graphene nanowall buffer layer. Adv. Mater. 31, 1901624 (2019). 

38. Liu, B. et al. Oxygen-assisted direct growth of large-domain and high-quality graphene on glass targeting 

advanced optical filter applications. Nano Res. 14, 260-267 (2021). 

39. Mishra, N. et al. Wafer‐scale synthesis of graphene on sapphire: toward fab‐compatible graphene. Small 

15, 1904906 (2019). 

40. Li, Q. et al. Nickelocene‐precursor‐facilitated fast growth of graphene/h‐BN vertical heterostructures and 

its applications in OLEDs. Adv. Mater. 29, 1701325 (2017). 

41. Chen, Z. et al. Direct growth of nanopatterned graphene on sapphire and its application in light emitting 

diodes. Adv. Funct. Mater. 30, 2001483 (2020). 

42. Wördenweber, H. et al. Atomically resolved electronic properties in single layer graphene on α-Al2O3 (0001) 

by chemical vapor deposition. Sci. Rep. 12, 18743 (2022). 

43. Kolmer, M. et al. Rational synthesis of atomically precise graphene nanoribbons directly on metal oxide 

surfaces. Science 369, 571-575 (2020). 

44. Chen, Z. et al. Direct growth of wafer-scale highly oriented graphene on sapphire. Sci. Adv. 7, eabk0115 

(2021). 

45. Stepantsov, E.A. Plastic creep features of sapphire at near-melting point temperatures. Crystallogr. Rep. 

64, 947-951 (2019). 

46. Gan, Y., Wanless, E.J. & Franks, G.V. Lattice-resolution imaging of the sapphire (0001) surface in air by AFM. 

Surf. Sci. 601, 1064-1071 (2007). 

47. Zeng, D. et al. Single-crystalline metal-oxide dielectrics for top-gate 2D transistors. Nature 632, 788-794 

(2024). 

48. Zhu, K. et al. The development of integrated circuits based on two-dimensional materials. Nat. Electron. 4, 

775-785 (2021). 

49. Huet, B., Zhang, X., Redwing, J.M., Snyder, D.W. & Raskin, J.-P. Multi-wafer batch synthesis of graphene on 

Cu films by quasi-static flow chemical vapor deposition. 2D Mater. 6, 045032 (2019). 

50. Chen, J. et al. Near-equilibrium chemical vapor deposition of high-quality single-crystal graphene directly 

on various dielectric substrates. Adv. Mater. 26, 1348-1353 (2014). 

51. Hwang, J. et al. Van der waals epitaxial growth of graphene on sapphire by chemical vapor deposition 

without a metal catalyst. ACS Nano 7, 385-395 (2013). 

52. www.silan.com.cn/en/ 

53. Lee, J.S. et al. Wafer-scale single-crystal hexagonal boron nitride film via self-collimated grain formation. 

Science 362, 817-821 (2018). 

file:///C:/Users/Jinca/AppData/Local/Netease/MailMaster/view/1/A3580/www.silan.com.cn/en/


54. Li, T. et al. Epitaxial growth of wafer-scale molybdenum disulfide semiconductor single crystals on sapphire. 

Nat. Nanotechnol. 16, 1201-1207 (2021). 

55. Kim, H. et al. Copper-vapor-assisted chemical vapor deposition for high-quality and metal-free single-

layer graphene on amorphous SiO2 substrate. ACS Nano 7, 6575-6582 (2013). 

56. Nair, R.R. et al. Fine structure constant defines visual transparency of graphene. Science 320, 1308-1308 

(2008). 

57. Liu, R. et al. CO2-promoted transfer-free growth of conformal graphene. Nano Res. 16, 6334-6342 (2023). 

58. Kataria, S. et al. Chemical vapor deposited graphene: From synthesis to applications. Phys. Status Solidi A 

211, 2439-2449 (2014). 

59. Fanton, M.A. et al. Characterization of graphene films and transistors grown on sapphire by metal-free 

chemical vapor deposition. ACS Nano 5, 8062-8069 (2011). 

60. Pisana, S. et al. Breakdown of the adiabatic Born–Oppenheimer approximation in graphene. Nat. Mater. 6, 

198-201 (2007). 

61. Das, A. et al. Monitoring dopants by Raman scattering in an electrochemically top-gated graphene 

transistor. Nat. Nanotechnol. 3, 210-215 (2008). 

62. Basko, D.M., Piscanec, S. & Ferrari, A.C. Electron-electron interactions and doping dependence of the two-

phonon Raman intensity in graphene. Phys. Rev. B 80, 165413 (2009). 

63. Mohiuddin, T.M.G. et al. Uniaxial strain in graphene by Raman spectroscopy: G peak splitting, Gruneisen 

parameters, and sample orientation. Phys. Rev. B 79, 205433 (2009). 

64. Yoon, D., Son, Y.-W. & Cheong, H. Strain-dependent splitting of the double-resonance Raman scattering 

band in graphene. Phys. Rev. Lett. 106, 155502 (2011). 

65. Purdie, D.G. et al. Cleaning interfaces in layered materials heterostructures. Nat. Commun. 9, 5387 (2018). 

66. De Fazio, D. et al. High-mobility, wet-transferred graphene grown by chemical vapor deposition. ACS 

Nano 13, 8926-8935 (2019). 

67. Mišeikis, V. & Coletti, C. Wafer-scale integration of graphene for waveguide-integrated optoelectronics. 

Appl. Phys. Lett. 119, 050501 (2021). 

68. Yuan, Q. et al. Magic carbon clusters in the chemical vapor deposition growth of graphene. J. Am. Chem. 

Soc. 134, 2970-2975 (2012). 

69. Dou, Z. et al. Atomic mechanism of strong interactions at the graphene/sapphire interface. Nat. Commun. 

10, 5013 (2019). 

70. Zhu, D., Wallis, D.J. & Humphreys, C.J. Prospects of III-nitride optoelectronics grown on Si. Rep. Prog. Phys. 

76, 106501 (2013). 

71. Koh, M. et al. Criteria for versatile GaN MOVPE tool: high growth rate GaN by atmospheric pressure growth. 

J. Semicon. 32, 013003 (2011). 

72. Ahmed, B. & Sharma, B. Structural and electronic properties of AlN in rocksalt, zinc blende and wurtzite 

phase: a DFT study. Dig. J. Nanomater. Biostruct. 16, 125-133 (2021). 

73. Kudrawiec, R. & Hommel, D. Bandgap engineering in III-nitrides with boron and group V elements: Toward 

applications in ultraviolet emitters. Appl. Phys. Rev. 7, 041314 (2020). 

74. Chen, Z. et al. Improved epitaxy of AlN film for deep-ultraviolet light-emitting diodes enabled by graphene. 

Adv. Mater. 31, 1807345 (2019). 

75. Qi, Y. et al. Fast growth of strain-free AlN on graphene-buffered sapphire. J. Am. Chem. Soc. 140, 11935-

11941 (2018). 

76. Zeng, Q. et al. Graphene-assisted growth of high-quality AlN by metalorganic chemical vapor deposition. 

Jpn. J. Appl. Phys. 55, 085501 (2016). 



77. Wang, X. et al. Robust SiNx/AlGaN interface in GaN HEMTs passivated by thick LPCVD-grown SiNx layer. 

IEEE Electron Device Lett. 36, 666-668 (2015). 

78. Zhu, P.-j. et al. Thermal properties of graphene and graphene-based nanocomposites: a review. ACS Appl. 

Nano Mater. 7, 8445-8463 (2024). 

79. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-

wave basis set. Phys. Rev. B 54, 11169-11186 (1996). 

80. Perdew, J.P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 

77, 3865-3868 (1996). 

81. Blöchl, P.E. Projector augmented-wave method. Phys. Rev. B 50, 17953-17979 (1994). 

82. Monkhorst, H.J. & Pack, J.D. Special points for Brillouin-zone integrations. Phys. Rev. B 13, 5188-5192 

(1976). 

83. Grimme, S. Semiempirical GGA-type density functional constructed with a long-range dispersion 

correction. J. Comput. Chem. 27, 1787-1799 (2006). 

84. Jansen, K.E., Whiting, C.H. & Hulbert, G.M. A generalized-α method for integrating the filtered Navier–

Stokes equations with a stabilized finite element method. Comput. Method. Appl. M. 190, 305-319 (2000). 

85. WIGTON, L., YU, N. & YOUNG, D. in 7th Computational Physics Conference ( 

86. Zhang, Y.B., Liang, Z.Z., Ma, T.H. & Li, L.C.  244-251 (Springer Berlin Heidelberg, Berlin, Heidelberg; 2010). 

87. Johan, Z., Hughes, T.J.R., Mathur, K.K. & Johnsson, S.L. A data parallel finite element method for 

computational fluid dynamics on the Connection Machine system. Comput. Method. Appl. M. 99, 113-134 

(1992). 

88. Rom, J. in High Angle of Attack Aerodynamics: Subsonic, Transonic, and Supersonic Flows 315-384 

(Springer New York, New York, NY; 1992). 

89. Campobasso, M.S., Baba-Ahmadi, M.H. & McLelland, G. in ASME Turbo Expo 2010: Power for Land, Sea, 

and Air, Vol. Volume 7: Turbomachinery, Parts A, B, and C 587-599 (2010). 

90. Pirola, S. et al. On the choice of outlet boundary conditions for patient-specific analysis of aortic flow using 

computational fluid dynamics. J. Biomech 60, 15-21 (2017). 

 



Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SI09102025.docx

https://assets-eu.researchsquare.com/files/rs-7820875/v1/6ba0c2913587fe0dbc8e72a0.docx

