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ABSTRACT 

We investigate by in situ X-ray diffraction the early stage of GaN nanowire growth on a 

single-layer of polycrystalline graphene transferred onto a Si (100) / SiO2 carrier substrate. 

The experiment was carried out in a molecular beam epitaxy chamber installed on a 

synchrotron line equipped with a X-ray diffractometer and a nitrogen plasma source. The 

evolution of the in-plane lattice parameters of the crystals is monitored. The in-plane lattice 

parameter of graphene shows only little variation between room temperature (RT) and GaN 

growth temperature (720 °C). As for GaN, an incubation time of about 1 h precedes 

nucleation. Just after nucleation, the GaN nanocrystals are under tensile strain and they relax 

as growth proceeds. The critical nucleus size and the parameters governing nanowire growth 

dynamics are obtained from modeling. We discuss the possible incorporation of N atoms in 

the graphene lattice during the incubation time. These atoms could be involved in chemical 

bonds between GaN and graphene, which could explain the initial strain 

observed experimentally. 

KEYWORDS: A1. Nucleation, A1. High resolution X-ray diffraction, A1. Growth modelling 

A3. Molecular beam epitaxy, B1. GaN, B1. Graphene.  

INTRODUCTION 

 GaN-based compounds are among the most coveted semiconductors for applications in 

optoelectronics and high-power electronics. Though efficient GaN-based devices are 

nowadays commercially available, the epitaxy of high-quality single-crystalline III-N layers 

on a low-cost substrate is still challenging. In particular, high electron mobility transistors 

could benefit from a reduction of the threading dislocation density which is generally quite 

high in these epilayers1 . Van der Waals epitaxy is an alternative to conventional epitaxy2. 

This method relies on weak van der Waals interactions between two atomic planes without the 
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formation of covalent bonds between them. Thereby, the deposited layer is expected to be free 

from epitaxial strain and the amount of defects in the grown structure is expected to decrease 

drastically.  

Several groups have attempted to grow GaN thin films on layered materials such as h-BN3 or 

graphene4. In these studies, a crystalline substrate (sapphire3, SiC4) was present beneath the 

layered 2D material. The latter was shown to be efficient for the mechanical peel-off of the 

epitaxial stack and its transfer on a host support, but the expected reduction of defect density 

was not achieved: a dislocation density around 109 – 1010 cm-2 was observed3,4. This is 

possibly due to the underlying crystalline substrate preventing the graphene compliance. Its 

presence may lead to a situation similar to what happens in conventional epitaxy, via a remote 

epitaxy mechanism5. Other groups have succeeded in growing GaN nanowires on graphite6,7 

and on graphene transferred on single-crystalline substrate8,9,10, or amorphous support11,12. A 

few of these studies have demonstrated unambiguously that vertical III-V nanowires can grow 

with a well-defined basal orientation. In-plane alignment was reported on multilayer graphene 

obtained from SiC7 and on graphene transferred on an SiO2
12, the GaN < 21�1�0 > directions 

being parallel to the graphene zigzag edges. While in the first case, the monocrystalline bulk 

substrate beneath the layered 2D material may influence the epitaxial alignment, the second 

case definitely shows that the sole interaction between the 2D material and the three-

dimensional (3D) semiconductor can induce an epitaxial stacking. This observation raises the 

fundamental question of the exact nature of the interaction between GaN and graphene. How 

do the sp2 orbitals of graphene interact with the sp3 orbitals of GaN at the interface?  

This particular material combination presents a large lattice misfit (+29.2%) which seems 

difficult to fully accommodate by elastic strain. Ref. 12 highlights a possible coincidence of 

the two lattices. Adopting the observed in-plane alignment, a (33) GaN supercell has a 

moderate misfit with a (44) graphene supercell: namely -3.1 % at room temperature and -2.8 
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% at a growth temperature of 720 °C. If chemical bonds form at the interface, this misfit could 

reasonably be accommodated via elastic strain at the beginning of growth. Thus, it appears 

interesting to investigate whether such a strain is present or not during the initial stage of 

growth. In the present work, we track this hypothetical strain by measuring in situ the lattice 

parameters of GaN NWs as they start to form on a graphene monolayer transferred on a SiOx 

carrier substrate.  

 

EXPERIMENTAL METHODS 

The experiments were conducted on the BM 32 beamline at the European Synchrotron 

Radiation Facilities (ESRF). The beamline is equipped with an ultra-high vacuum growth 

chamber coupled with a goniometer through a large Be window for X-ray transparency. 

During this experiment, we have characterized the early stage of the GaN NW growth on a 

graphene substrate by grazing incidence X-ray diffraction (GIXRD).  

The GaN NWs were synthesized by plasma-assisted molecular beam epitaxy (PA-MBE) on a 

polycrystalline monolayer of graphene transferred on an amorphous carrier substrate. The 

commercial film used for this experiment was a polycrystalline single-layer graphene, with 

grain sizes in the tens of micrometers range, grown by chemical vapor deposition (CVD) on a 

copper foil. The graphene layer was transferred by a wet process from this copper substrate to 

a 1 cm2 Si (100) substrate covered with a 300 nm layer of thermal SiOx (the transfer procedure 

is provided as Supporting Information). This relatively thick layer of amorphous material 

guarantees that the interaction between the graphene and the monocrystalline silicon carrier 

substrate underneath is negligible. Before its introduction in the ultra-high vacuum growth 

chamber, the sample was outgassed at 600 °C for 8 hours in a buffer chamber, in order to 

eliminate any potential contamination originating from the chemical transfer process. The 
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base pressure in the growth chamber was 5x10-10 mbar before the growth. N-rich conditions 

were used for the growth of the GaN NWs. The N-plasma source was powered at 350 W with 

radio frequency and supplied with a 2 sccm N2 flow. From a calibration performed in a 

standard MBE chamber in the same conditions, we estimated the N flux to be equivalent to 

0.7 monolayer (ML) per second. The Ga effusion cell was heated up to 930 °C, resulting in an 

atomic flux equivalent to a 0.06 ML/s growth rate on a flat surface. Then, the graphene patch 

was exposed to Ga and N fluxes simultaneously for 150 minutes. The sample temperature was 

set at 720 °C, as measured by a 2-waves pyrometer, and the pressure in the chamber was 

1.310-5 mbar during growth.  

The X-ray energy used during the experiment was 18 keV (0.688 Å wavelength), with a 

relative energy resolution of 10-4 keV. This energy corresponds to the highest power delivered 

by the beam line and is much higher than the Ga absorption edge, which avoids most of the 

fluorescent signal in the measurement. A schematic of the experimental set-up is shown in 

Figure 1. The incident angle α was set to 0.05° (well below the critical angle for total external 

reflection) in order to maximize the signal diffracted by the GaN nanocrystals and to 

minimize the background coming from the carrier substrate. The incident beam spot was 20 

μm and 300 μm wide in the directions perpendicular and parallel to the surface, respectively. 

The beam divergence was 1 mrad and 0.1 mrad, perpendicular and parallel to the surface, 

respectively. A two-dimensional pixel detector (MAXIPIX, with 1280  256 pixels of 55  55 

μm2), positioned at a distance of 700 mm from the sample, was used to map reciprocal space 

with two possible motions, along β or δ angles (see Figure 1).  
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Figure 1. Schematic of the in situ Nanostructures and Surface (INS) set up at the 
ESRF/BM32 beamline, which couples UHV-chamber with a diffractometer. 

 

The in-plane lattice parameters, associated to the crystallographic planes perpendicular to the 

sample surface, were measured by scanning the detector along the δ angle. The signal was 

integrated over 5° out-of-plane to increase the counting statistics. These radial scans allowed 

us to investigate in situ the in-plane deformation of the two materials at the early stage of the 

growth. The GaN out-of-plane lattice parameter was measured by scanning the detector along 

the β angle. This second configuration was used to characterize the system after growth by 

performing a wide out-of-plane reciprocal space mapping (RSM). Finally, the presence of 

GaN nanocrystals grown on graphene was confirmed by ex situ scanning electron microscopy 

(SEM) using a ZEISS-Ultra 55 instrument.  

RESULTS 

 Since the transferred graphene is polycrystalline, all the in-plane directions are expected to be 

equivalent for diffraction. Figure 2 shows radial scans around the Bragg angle of {101�0} 

graphene planes, collected at an arbitrary in-plane azimuthal direction. The two sets of 

symbols correspond to the experimental in-plane diffraction of the polycrystalline graphene at 

room temperature (RT) and at the GaN growth temperature (720 °C). The data were fitted by 

pseudo-Voigt functions. For clarity, Figure 2 shows only the fit of the data at RT.  
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Figure 2. Experimental radial scans around the Bragg peak of {101�0} graphene planes, 

before the growth, at room temperature (RT) in black and at the growth temperature (720 °C) 

in blue. Pseudo-Voigt fit from RT scan in red. The abscissa was converted into lattice 

parameter and the error bar was calculated by the square root of the number of counts. 

Remarkably, the positions and widths of the peaks obtained at room and growth temperatures 

are very similar. The peak positions correspond to a lattice parameter of 2.447±0.002 Å and 

2.445±0.002 Å at RT and at 720 °C, respectively. During GaN growth, radial scans around the 

Bragg peaks of {101�0} planes of GaN and graphene were performed. We scanned 

alternatively a δ angular range of 0.8° around the graphene Bragg peak for 3 min of 

acquisition time, and a δ angular range of 2.5° around the GaN Bragg peak for 2 min. Figure 

3a shows some typical graphene radial scans collected during the growth process after 30 to 

110 min exposure to Ga and N fluxes. For better clarity, we only present scans at 15 min 

intervals. Figure 3b shows the GaN radial scans collected in situ from 65 min to the end of 

growth, with 5 min intervals. The experimental data are fitted with a pseudo-Voigt function 

for graphene and with a Pearson VII function for GaN.  
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Figure 3. In situ experimental radial scans (dots) around the Bragg Peak of (a) the {101�0} 

graphene planes with 15 min intervals and (b) the {101�0} GaN planes with 5 min intervals. A 

new scan for both materials was recorded every 5 minutes. After recording the radial scans, 

the diffracted peaks were extracted from the 2D image of the detector by integrating the 

intensity. Fits (lines) correspond to Pseudo-Voigt function for graphene and Pearson VII for 

GaN. The abscissa was converted into lattice parameter and the error bar was calculated by 

the square root of the diffracted intensity. 

We detect significant diffraction from graphene until the end of the growth. Between the 

different scans, the graphene peak intensity varies slightly but without any systematic trend. 

The peak position does not show any clear evolution either. This indicates that the graphene 

layer remains crystalline and does not suffer severe structural degradation such as the partial 
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etching sometimes reported after long exposure to nitrogen plasma13. The GaN signal 

appeared after 65 min of sample exposure to the matter fluxes. Then, the diffracted intensity 

of GaN increases steadily, with a clear shift of the peak position toward smaller lattice 

parameters during the first 15 min of GaN growth. After this period, the GaN peak position 

remains fixed until the end of the growth.  

After the growth, the GaN nanostructures on graphene were analyzed at RT by performing an 

out-of-plane reciprocal space map (RSM), shown in Figure 4a. This RSM was built by 

scanning the in-plane angle δ by 42° and the out-of-plane angle β by 24°, with 0.05° and 3° 

angular steps respectively. The diffraction from the monolayer graphene is not visible on the 

map due to the short counting time. All the Bragg peaks of the hexagonal wurtzite GaN 

structure are found, with no additional contribution, except a diffuse spot which is attributed 

to the silicon substrate. The GaN Bragg reflections from the different planes, namely {101�l}, 

{112�l} and {123�l}, are clearly aligned along the Ɩ miller index, which indicates that the GaN 

crystallites are vertically c-aligned. These peaks extend as arcs centered on the origin of the 

reciprocal space. This indicates that the growth direction of some GaN nanocrystallites 

slightly deviate from the normal axis. We have estimated the tilt distribution by measuring the 

full width at half maximum (FWHM) of the 101�1, 112�l, 123�1, 203�1 and 303�2 arcs. We obtain 

a tilt of 5.6°0.4° around the substrate normal. This value is larger than the typical tilt 

distribution of GaN NWs reported in the literature7,11,12. It could be due to the roughness of 

the SiOx layer and a non-ideal transfer process of the graphene monolayer on this layer. This 

tilt is confirmed by post-growth observations of the samples by SEM (Figure 4b) which show 

short GaN NWs with diameters between 10 and 30 nm. 
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Figure 4. (a) The reciprocal space mapping as a function of parallel (Qpara) and perpendicular 

(Qperp) momentum transfer, performed after the growth of the GaN NWs. The origin of Qperp 

and Qpara arrows represent the origin of the RSM. The intensity is in logarithmic scale. (b) ex 

situ tilted view SEM image of GaN NWs on transferred graphene.  

In figure 4a, we do not observe diffracted rings. This indicates that the GaN volume irradiated 

by the X-rays is equivalent to a polycrystalline material with a c-axis fiber texture. Note that, 

with a grazing incidence of 0.05° and a beam height of 20 µm, the probed area is several mm 

long and thus contains many graphene grains with various in-plane orientations. Hence, 

although the GaN NWs grow with the same in-plane orientation on a specific graphene 

grain12, our GIXRD experiments probe GaN NWs of different in-plane orientations, but which 

all have their c-axis perpendicular to the substrate surface.  

DISCUSSION 

First, we will comment in detail our measured value of the graphene lattice parameter and its 

negligible variation between room and growth temperatures. We will then discuss the 
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evolution of the diffracted signal related to GaN growth, as regards peak position, width and 

intensity.  

We have measured by GIXRD the average in-plane projection of the lattice parameter of the 

single-layer polycrystalline graphene transferred on a SiOx substrate. Our experimental value 

of 2.447±0.002 Å at RT, is close to those theoretically calculated for free-standing 

graphene14,15, or measured by scanning tunneling microscopy (STM) on graphene grown on 

Cu (111)16 and by GIXRD for decoupled graphene on silicon carbide oxide17 (see Table 1).  

 

Ref. Method Graphene type 
aRT  
(Å) 

a720 °C 
(Å) 

(14) 
Ab initio 

simulation 
Free standing 2.464 

(15) 
Monte Carlo 
simulations 

Not specified 2.457 2.455 

(17) 
X-Ray 

Diffraction 
Decoupled monocrystalline 

graphene on SiC oxide 
2.460 ± 
0.001 

- 

This 
work 

X-Ray 
Diffraction 

Transferred on Si/SiO2 
2.447 ± 
0.002 

2.445 ± 
0.002 

Table 1. Comparison of the graphene lattice parameters obtained by different methods at 

room temperature and high temperature.  

The in-plane lattice parameter that we measure is 0.013 Å smaller than the theoretical 

graphene lattice parameter of 2.46 Å. It is known that graphene may form ripples or wrinkles 

and hence may not be totally flat18,19,20. By assuming that our measurements yield the in-plane 

projection of the actual lattice parameter, a deviation angle of 5.9°±0.5° from the exact 

surface plane could explain our experimental value smaller than the theoretical one. 

Furthermore, such a deviation angle is in agreement with the angle of corrugation measured 

by Meyer et al.21. We can then deduce that our graphene layer is rippled. According to ref. 22, 

when transferred by a wet process on an amorphous layer, graphene is mechanically free-

standing, with no pinning to the carrier substrate22. This is consistent with our observations. 
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Indeed, if the graphene interacted strongly with the SiOx layer underneath, it should at least 

partially follow its thermal expansion, which, in turn, is imposed by the thermal expansion of 

the Si (100) bulk substrate. Between RT and 720 °C, the Si lattice parameter is expected to 

undergo a thermal expansion of 0.014 Å, corresponding to a relative expansion of ~2.610-3 

23. In the same range of temperature, the graphene peak position does not vary more than 

0.002 Å, which corresponds to a relative expansion of 8.110-4. This expansion is thus well 

below what it would be if graphene followed the thermal expansion of the Si bulk substrate. 

This indicates that the graphene layer has a thermal free-standing behavior and undergoes no 

or negligible expansion. Ab initio molecular dynamics14 and Monte Carlo simulation15 have 

predicted the lattice expansion of free-standing graphene to be between 0.001 Å and 0.003 Å, 

over this temperature range. Our results are consistent with these values. Actually, the 

temperature-dependence of graphene structural properties was studied by several groups, 

mainly by theoretical calculation and Raman spectroscopy experiments. Depending on the 

simulation method20, the temperature range18,24,25, and the type of substrate19, the reported 

thermal expansion coefficient of graphene differs widely in sign and value. Our measurement 

indicates that, between RT and 720 °C, either the thermal expansion coefficient (TEC) always 

remains very small, or it varies from negative to positive value or the opposite.  

From the fits of the in situ radial scans around the Bragg peaks of graphene {101�0} and GaN 

{101�0} planes, we extract different quantities, namely the positions, widths and areas of the 

peaks.  
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Figure 5. (a) Experimental diffraction peak area (blue dots) and fit of the GaN volume (red 

line) from the nucleation time to the end of the GaN growth. (b) Experimental in plane 

domain size of the GaN nanowires (blue dots) and fit of the NWs diameter (red line) from the 

nucleation time to the end of the GaN growth. Both experimental parameters and error bars 

were extracted from the Pearson VII fits on GaN in situ radial scans.  

Figure 5a shows the area of the GaN diffraction peak as a function of growth time. This peak 

is not detected before 65 min. This delay corresponds roughly to the incubation time during 

which no GaN nucleus could form. After 65 minutes, the peak area increases with time until 

the end of the growth. Figure 5b shows the evolution with time of the experimental GaN in-

plane domain size (D�) extracted (figure 3b) from the width of the diffraction peak. D� amounts 
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to about 10 nm shortly after nucleation (65 min) and then increases slowly to reach about 30 

nm at the end of growth, in good agreement with our post-growth SEM observations (Fig. 4b). 

Obviously, the irradiated GaN volume (V) and D� increase with time because of the continuous 

growth of each NW, but the evolution of these quantities may also depend on a distribution 

over time of the nucleation of the NWs. Modeling the evolution of 	V and D� gives insights into 

the various parameters involved. Specifically, each NW was assumed to obey the scaling 

growth model developed by Dubrovskii et al. for single cylindrical NWs26. Namely, if a NW 

nucleates at time t�, its diameter D and height L vary over time t as: 

D = 	D� 	�1 +
���

�
A(t t�)�

�
���

,												L = 	 L� 	�
D

D�
�
�

																													(1)		 

with D� and L� the dimensions at nucleation and A and α model parameters, which may 

depend on growth conditions. In addition, we assumed that the total number of NWs varies 

with time according to an error function law, n(t) =
�

�
�1 + erf	�

����

��
��, such that a number 

��

��
dt of new NWs nucleate during dt. At time t�, half of the final number � of NWs have 

nucleated and t� accounts for the width of the distribution of nucleations over time. In the 

context of GaN NW growth, other sigmoid functions were employed previously, albeit to 

describe the “gallium incorporation rate per unit area”, not the NW number or density27,28. The 

total GaN volume and the average NW diameter are obtained by convoluting functions πD�L 

and D (obtained from Eq. (1)), respectively, with dn dt⁄  (we actually started the integrations at 

a time t� close to the experimentally observed incubation time, at which a number n(t�) of 

NWs was assumed to form, but this has very little effect on our results). The joint fit of 

volume and size involves 6 parameters, namely D�, A, α, t�, t� and a parameter aggregating 

L� and N. Figure 5 shows that our model allows us to reproduce the experiments very well. 

From this, we deduce a NW diameter at nucleation D� ≈ 1.5	nm, a characteristic width of the 

nucleation distribution t� ≈ 8	min and a scaling parameter α = 2.49. The values of the fit 
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parameters are expected to depend on growth conditions. This said, the present t� falls within 

the range (up to 15 minutes) obtained by direct measurement of the NW density in other 

experiments that we carried out at different temperatures. The diameter at nucleation is not 

accessible experimentally; as expected, our D� is below the size of the smallest islands (4 nm) 

observed by Consonni et al.29 . Our α is very close to the value obtained by Dubrovskii et al. 

under different growth conditions26, which might suggest that it applies to GaN NWs in 

general.  

We now focus on the evolution of the GaN and graphene in-plane lattice parameters given by 

the diffraction peak positions during growth (Figure 3). To confront our results to the 

coincidence supercell proposed in our previous work12, we plot the evolution of the supercell 

dimensions 4agraphene and 3aGaN with growth time (Figure 6).  

 

 

Figure 6. Evolution of the supercell lattice parameters of graphene (grey squares) and GaN 

(blue dots) during growth. The dashed lines correspond to the average of the (44) aGraphene 

(black) and (33) aGaN (blue). 

Within the experimental errors, the graphene lattice parameter is constant over the whole 

duration of the experiment. Note that after growth, only a small part of the graphene area is 

covered by GaN NWs, so that the diffracted signal is dominated by the uncovered area, i. e. 
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the part which does not interact with GaN. On the other hand, just after nucleation, we 

observe a rapid evolution of the GaN lattice. The in-plane parameter decreases between 65 

and 80 min and then stabilizes at a constant value close to 3.1986 Å ± 0.0006 Å. Within the 

uncertainties associated to the available data, this value corresponds to the unstrained GaN in-

plane lattice parameter at 720 °C30,31,32. This result is compatible with the idea that the upper 

part of the nanowires is fully relaxed. The initial value after nucleation corresponds to a 

tensely strained GaN, with a lattice parameter 0.8 % larger than the relaxed one. The rapid 

evolution suggests strain relaxation, or more exactly, an increasing contribution of a GaN 

volume adopting its stress-free parameter. It is well established that strain does not build up in 

the upper part of NWs, even if they are grown on a mismatched substrate33,34. This is why, 

upon increasing the height of the NWs during growth, the average lattice parameter that we 

measure tends rapidly to the nominal stress-free value, while at the nucleation stage, only the 

very first interfacial GaN monolayers contribute to the diffracted signal. Thus, we conclude 

that GaN nucleates on graphene in a tensile strained state. This suggests that covalent bonding 

is involved in the cohesion of the interface between graphene and GaN. For a one-monolayer 

(ML)-high GaN nucleus, the strain should be shared almost equally between the two materials 

since they have comparable thicknesses. At the growth temperature (720 °C), the 

experimental lattice mismatch between the (44) supercell of graphene and the (33) 

supercell of GaN is -2 %. Assuming a 1:1 partition of strain in the two materials of 1 ML 

height, the GaN and the graphene should accommodate a misfit of about - 1 % and + 1%, 

respectively. The largest tensile strain detected after nucleation amounts to - 0.8 %.  This 

agrees well with our rough estimate, which does not account for the different elastic properties 

of the materials. Moreover, the first diffraction measurement after nucleation already 

corresponds to GaN crystals having on the average more than one monolayer. The strain in 

GaN observed at nucleation indicates possible covalent bonding between the two materials. 
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However, the exact origin of this bonding remains to be clarified. Indeed, due to its sp2 

hybridization, pristine graphene cannot form strong chemical bonds with the first layer of 

GaN. Nucleation of GaN at pre-existing graphene defects, such as grain boundaries, wrinkles 

or scratches, is often noticed9,7. Dangling bonds may be associated to some of these defects, 

which thereby become favorable nucleation sites. However, the fact that, in our conditions, a 

particularly long incubation time precedes the detection of the first GaN nanocrystals, tends to 

show that nucleation on pre-existing defects is not predominant. It is more plausible that our 

transferred graphene was modified upon the N-plasma exposure. This was checked by X-ray 

photoelectron spectroscopy (see supporting information). This analysis clearly reveals that N 

incorporates in the graphene lattice before the nucleation of GaN. Nitrogen is a well-known 

dopant of graphene35,36. Specifically, three main incorporation sites of elemental nitrogen are 

reported with various proportions, depending on the method employed for doping35,37,38,39,40 : 

graphitic, pyrrolic and  pyridinic, each being bound differently to C atoms. In the pyrrolic 

configuration, lattice compression was reported41. In our case, we do not observe a graphene 

lattice distortion associated with this N incorporation, which suggests that the N sites are not 

dominantly pyrrolic. The incorporation of N atoms in the graphene lattice has a strong impact 

on its electronic structure. Some configurations may lead locally to sp3 coordination, which 

could promote the nucleation of GaN by forming a few covalent bonds between the two 

materials. This scenario also implies local modifications of the graphene lattice parameter 

under the GaN nuclei. Such modifications cannot be observed in our GIXRD experiments 

because the diffraction by unstrained graphene surrounding the NWs dominates the signal. 

 

CONCLUSION 

Our in situ study of GaN NW nucleation and growth on graphene has focused on the possible 

interactions between these two materials. We took care to eliminate extraneous interactions by 
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using an amorphous carrier substrate (thermal SiOx). Moreover, in our temperature range, the 

transferred graphene behaved as free-standing, with no evidence of thermal stress. As 

expected for a sp2 material, the graphene surface is weakly reactive under the Ga flux and the 

N plasma exposure: GaN growth was not detected before a long incubation time. While the 

graphene remains crystalline over the whole growth process, we argue that it becomes N-

doped before GaN can nucleate. At nucleation, GaN is found to be tensely strained with an in-

plane extension of 0.8%. This initial strain suggests that covalent bonds are formed at the 

interface between the two materials. The N atoms incorporated in the graphene lattice before 

GaN nucleation, might be involved in this chemical bonding. Such a scenario requests further 

investigation to determine the sites of N incorporation before GaN nucleation, and to identify 

the signature of a specific interface bonding after GaN nucleation. The measured strain tends 

to zero as the GaN NWs grow, because of the increasing contribution of their upper parts, 

which free sidewalls permit efficient lattice relaxation  

SUPPORTING INFORMATION:  

Details about the graphene transfer process and the X-ray spectroscopy experiment are 

provided. 
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Supporting Information  

Graphene transfer process: The single-layer polycrystalline (grain size up to 20 µm) graphene 

grown by CVD on copper foil (60 mm x 40 mm) were purchased from Graphenea 

supermarket. To transfer the graphene patches, from the Cu substrate to 1 cm² Si (100) wafers 

covered with a 300 nm layer of thermal SiOx, we realized a wet-transfer process. First, the 

Cu/graphene foil was spin-coated with a 50-nm-thick layer of poly(methyl methacrylate) 

(PMMA-A2) to protect the graphene. Then, a 1 cm² piece of Cu/graphene/PMMA was 

deposited on the surface of a (NH4)2S2O8 bath solution, in order to etch the copper substrate at 

the backside. The acid solution was prepared by diluting 2.4 g of ammonium persulfate 

powder with 100 ml of deionized (DI) water. After 5 hours etching time, the floating 

graphene/PMMA piece was rinsed into three DI water baths during 10 minutes each, fished 

with the Si/SiOx substrate and dried in ambient atmosphere. The PMMA layer on top of the 

graphene was removed by solvent cleaning (acetone and isopropyl alcohol) and rinsed in DI 

water. Then, the sample was introduced in the outgassing chamber.  

 

X-ray photoelectron spectroscopy (XPS):  
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Figure A: XPS experimental data on transferred graphene (black) and on transferred 

graphene exposed 1 hour to the N-plasma (blue).  

The impact of the N-plasma on our transferred graphene was characterized by X ray 

photoelectron spectroscopy realized at Cassiopée beam line of SOLEIL synchrotron, in a 

previous study. The photon energy was set to 650 eV. In order to analyze the incorporation of 

N atom, we measured a transferred graphene without exposure to N-plasma (as a reference 

sample) and a transferred graphene exposed for 1 hour to N-plasma. This exposure time 

corresponds to the incubation delay of the GaN growth in our system. From the reference 

sample, only the C-1s peak was present, which was expected. For the graphene exposed to N-

plasma, the C-1s peak was still present but also the N-1s peak and weak N-KLL peaks were 

present. The appearance of these N peaks confirms the efficient incorporation of N atoms into 

the transferred graphene during the incubation time.  


