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Abstract

In this work is studied the growth of InGaN on epitaxial graphene by molecular beam epitaxy. The
nucleation of the alloy follows a three-dimensional (3D) growth mode, in the explored temperature
range of 515-765°C, leading to the formation of dendrite-like islands. Careful Raman scattering
experiments show that the graphene underneath is not degraded by the InGaN growth. Moreover,
lateral displacement of the nuclei during an atomic force microscopy (AFM) scan demonstrates weak
bonding interactions between InGaN and graphene. Finally, a longer growth time of the alloy gives rise

to a compact thin film in partial epitaxial relationship with the SiC underneath the graphene.

1. Introduction

The growth of IlI-N semiconductors is very often made on hetero substrates, as no bulk IlI-N subtrates
are affordably available. Therefore, the growth of IlI-N materials is usually performed on sapphire or
SiC [1]. However, these substrates induce strain in the grown material, which can become highly
detrimental when it comes to build a device. For instance, Lymperakis et al. [2] demonstrated that
under a strained growth regime, InGaN alloy will inevitably undergo chemical re-ordering, and will
therefore have compositional inhomogeneities, when its In concentration is above 25%at.
Nonetheless, thanks to the recent developments in 2D materials synthesis [3—5], one could think of

suppressing the strain in the deposited materials by using dangling bonds free substrates. Indeed, it is
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not expected that chemical bonds would form between the substrate and the grown material.
Moreover, it has already been shown that the 3D deposited material can grow in epitaxial relationship
with the bulk substrate supporting the 2D layer [6,7] during a process named ‘van der Waals epitaxy’
or ‘remote epitaxy’. Additionally, the interest of such epitaxial process would be the ease in lifting off
the deposited material or even a complete device structure from the substrate leaving the 2D layer
available for another growth over several cycles [7-9]. In this manner, the growth of IlI-N materials on
graphene has been studied during the last decade, with a focus on GaN, demonstrating the possibility
to grow thin films [6,8,10-13]. However, in these studies, it is not always clear whether the graphene
is damaged or not, and consequently if the nucleation occurs on the graphene or through it onto the
supporting substrate. Other studies present the elaboration of micro or nanostructures like columns
[14-17] and islands [18—-20]. With such morphologies, the study of the graphene layer quality after the
growth is more straightforward and it was revealed that the graphene is often damaged [15-19].
Indeed, the nucleation has been shown to generally occur around defected area of the graphene due
to the exposition to a plasma [15,19] or due to the high growth temperatures combined with harsh
gas environment [21]. Nonetheless, Journot et al. [18] could unambiguously differentiate
morphologies of GaN islands, nucleating either on the graphene or on the substrate through a hole in
the graphene, depending on their growth process. They could also evidence weak bonding interactions

for islands grown on graphene and control their orientation.

Herein, is presented the nucleation and growth of InGaN by molecular beam epitaxy (MBE) on epitaxial
graphene. First, the nucleation of InGaN is investigated as a function of the growth temperature. The
growth of InGaN islands is demonstrated while preserving the graphene layer quality as shown by
Raman spectroscopy. Moreover, weak bonding interactions are evidenced between the islands and
the graphene substrate. Finally, the growth of the IlI-N semiconductor is extended to synthesize a film

whose structural and optical properties are studied.

2. Methods
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The epitaxial growth of graphene is conducted by propane based chemical vapour deposition (CVD) on
the Si-face of 1 x 1 cm? 6H-SiC substrates provided by TankeBlue with a 0.1° miscut angle along the <
1120 > direction. The SiC substrates are placed in a resistively heated tubular chamber where they
are first annealed for 5 minutes at 1450°C and 800 mbar under an Ar/H, atmosphere. This annealing
leads to the formation of steps in the SiC substrate [22] toward the orientation of the miscut angle.
Following this, the propane flow in the chamber is set to 10 sccm for 5 minutes under the same
conditions. It results in the formation of an atomically flat graphene layer over the entire substrate’s
stepped surface as shown in Figure 1(a) with topographic atomic force microscopy (AFM) image in
tapping mode using a Digital Instruments Dimension 3100 AFM microscope from Veeco mounted with
a Si tip. The white arrows indicate the crystallographic orientation of the SiC substrate. After the
complete coverage of the surface by the graphene, no additional growth occurs on the sample
meaning that it is a self-limiting process. The graphene layer is actually laying on a carbon layer partially
bonded to the substrate, called buffer layer [23,24], as depicted in Figure 1(b). The low-energy electron
diffraction (LEED) pattern of the sample, in Figure 1(c) indicates a 30° rotation of the monoatomic
carbon layer (orange arrows) relatively to the SiC substrate (green arrows). To estimate the quality of
the graphene layer, Raman spectroscopy was performed using a Raman InVia microscope from
Renishaw equipped with a 1800 gr.cm™ diffraction grating and working with a 532 nm laser focused
on the surface thanks to a x100 optical microscope objective. In our case, the Raman spectrum of the
epitaxial graphene in Figure 1(d) displays the well-established 2D (w2p = 2686 cm™) and G (ws = 1588
cm?) peaks [25] after subtraction of the SiC background. Both G and 2D peaks are very sharp with
respectively 9 cm™ and 24 cm full width at half maximum (FWHM). Moreover, no D peak (expected
around 1350 cm™?) related to the defects is observed on the spectrum. Altogether, these features
demonstrate a good structural quality of the graphene layer. The small bump arising at around 1500

cm® can be attributed to the presence of the buffer layer underlying the graphene [26-29].
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Figure 1: (a) Topographic atomic force microscopy (AFM) image in tapping mode of epitaxial graphene on
6H-SiC, with white arrows indicating the crystallographic orientation of the SiC substrate. (b) Schematic
structure of the buffered graphene layer on 6H-SiC. (c) Low energy electron diffraction pattern (LEED) of
graphene/SiC obtained at 140 eV (image processed to enhance the contrast), with orange and green arrows
indicating respectively reticular planes from the graphene and the SiC relatively to the origin point (marked
in red). (d) Raman spectrum of epitaxial graphene on SiC probed with a 532 nm laser before (black) and after
(red) subtraction of the SiC background.

The growth of InGaN on the aforementioned epitaxial graphene is operated in ultra-high vacuum (UHV)
in a Riber 32P MBE system equipped with In and Ga effusion cells and a NHjs gas line. The respective
beam equivalent pressures used for In and Ga were 7.0 x 10® Torr and 2.4 x 107 Torr. The ammonia
flux was 500 sccm. The chamber also comprises a reflection high-energy electron diffraction (RHEED)
apparatus working at 15 kV and 1.6 A to follow in situ the growth process. The 1x1 cm? sample is

mounted within the reactor on an In-free substrate holder heated by a oven.

Samples were characterized by scanning electron microscopy (SEM) with a Zeiss Supra 40 at 5 kV using

an Everhart-Thornley secondary electron detector. X-ray diffraction measurements were conducted
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with a Panalytical X’Pert Pro MRD diffractometer using the Cu Ko emission line at 1.5406 A.
Photoluminescence experiments were achieved using a frequency-doubled Ar laser at 244 nm, a 150
gr.mm™ grating and a Si CCD. Finally, electron backscatter diffraction (EBSD) was done in a Zeiss Merlin
microscope equipped with a Bruker QUANTAX e Flash EBSD detector at 20 kV and a 70° angle incidence
of the electron beam related to the sample. The analysis of the data was performed using the

dedicated Esprit software from Bruker.

3. Results and discussion

3.1 InGaN nucleation

The growth of a 3D material on a 2D substrate is unambiguously different than on a conventional 3D
substrate and therefore needs an extended study of the growth conditions to perform the nucleation
and later on the growth of a thin film. The lack of dangling bonds on the surface leading to a very low
reactivity reduces the probability for an incoming atom to adsorb on the surface and lower the gas
molecules cracking rate. The nucleation of InGaN by MBE has been investigated at 515°C, 685°C and
765°C for a constant duration of 15 minutes. Figure 2 depicts the three different morphologies
observed by SEM for each temperature studied. The growth at the lowest temperature (i.e. 515°C),
induces the formation of metallic droplets indicated by white round particles in Figure 2(a), due to
metal accumulation. Indeed, as the temperature is decreased, the cracking efficiency of ammonia
becomes too low to provide enough reactive nitrogen to adsorb on the graphene and react with In and
Ga to initiate the growth. The excessive metallic atoms are therefore agglomerating into droplets.
Increasing the temperature can be a way to tackle this problem by enhancing the decomposition of
ammonia. Nonetheless, raising it too much can also have detrimental effect on the growth. For
instance, when performed at 765°C, the nucleation of InGaN appears to be very slow, as shown in

Figure 2(c) where the grown nuclei are rather small (less than 1 um). Here, the adsorption of In, Ga
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and N on the graphene surface is very low and limits the growth rate. The growth must be then
conducted at an intermediate temperature (685°C) to obtain a convenient growth rate while avoiding
droplets formation. The nucleation of InGaN on graphene takes place through a 3D growth mode by
randomly forming dendrite-like islands as displayed in Figure 2(b). These islands are made of
interlocked triangles and measure roughly 1 to 4 um along their longest direction and 20 to 40 nm in
height (determined by AFM). It is not yet explained why the InGaN nuclei adopt these shapes at the
first stages of the growth. However, a derived diffusion-limited aggregation (DLA) model developed by
Bartelt and Evans [30] to study metal-on-metal epitaxy of Pt/Pt(111) evidenced similar island
morphologies varying from narrow dendrite branches to more or less compact interlocked triangles
depending on the adatoms mobility. In this model, the incoming adatoms randomly travel on the
surface until they encounter an already formed nucleus. While being incorporated in the island, the

adatoms are still able to jump from one site to another along its edges until they permanently bond at

Figure 2: Secondary electron microscopy (SEM) images of InGaN nucleation on epitaxial graphene on 6H-SiC by
molecular beam epitaxy (MBE) at (a) 515°C, (b) 685°C and (c) 765°C for 15 minutes.

3.2 Properties of graphene after the growth

After observing the nucleation of InGaN on graphene, it is essential to characterize the 2D graphitic
material again to assess the impact of the InGaN growth on its structural quality. The graphene is
therefore probed by Raman spectroscopy mappings in a 14.5 x 14.5 pm? area with 0.5 pum steps (i.e.
totalizing 900 spectra) for the sample processed at 685°C. After the growth, Figure 3(a) and Figure 3(b)

display respectively the probed area observed by SEM denoted by a red dashed box and the associated
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mapping of the position of the graphene G peak. The position of the G peak (wg) in Figure 3(b) follows
the shape and the position of the InGaN islands on the graphene while it is clearly not the case for the

position of the 2D peak (w2p) in Figure 3(c). G peak seems to undergo a systematic blue shift in areas

covered by InGaN.

X (um) X (pm)

Figure 3: (a) Secondary electron microscopy (SEM) image of InGaN nucleated at 685°C with a red dashed
box indicating the area probed for the associated Raman spectroscopy mapping of (b) G peak position
(ws) and (c) 2D peak position (wzp) of graphene underneath.

It has already been reported in literature that both strain [31] and doping [32—34] of graphene lattice
influence the position and width of G and 2D peaks. Thus, it is not always clear whether the shift of the
graphene characteristic peaks comes from strain, doping or even both at the same time. However, Lee
et al. [35] were able to decouple the influence of strain and doping on the shift of these peaks. They
plotted wap against we for several spectra obtained for different graphene samples with various strain
and doping states. These points were plotted relatively to the position of the G and 2D peaks of a
pristine graphene sheet free of strain and doping. They showed that starting from this reference point,
a new coordinate system could be built with axes representing strain and doping contribution on w2p
and we. In our case, wzp and we values of each spectrum were extracted and then plotted in Figure
4(a). Two point clouds can be identified, a first one (200 orange points), corresponding to graphene
area covered by InGaN, and a second one (700 red points) corresponding to uncovered graphene. The
reference point (pink rotated square) is taken from Das et al. [36] with w2 = 1683 cm™ and w9, = 2678

cm®. The axis related to the strain (black line) follows a linear slope Awp/Aws = 2.2 [35,37]. A blue shift
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of the peaks corresponds to a compressive state of the graphene layer and a red shift is due to a tensile
state. The p-doping contribution axis (blue line) follows the slope Awap/Aws = 0.55 [37,38] and the n-
doping contribution (dark green line) follows the slope Aw2p/Aws = 0.20 [38], both starting from the
reference point. The red points follow the strain contribution axis meaning that only a strain variation
caused a shift of their position compared to the reference point. The orange points are shifted along
the n-doping contribution axis, relatively to the red points. The relatively low slope coefficient of the
n-doping contribution (Aw,p/Awg) leads to a low variation of w,p with the doping compared to the
variation of we. Therefore, wap is comprised within the same range for orange and red points while we
is mostly greater for orange points. Thus, it explains that a clear correlation between InGaN islands
positions and frequency of graphene peaks can only be made for G peak when looking at the mapping.
This indicates a localised n-doping of graphene under InGaN islands. This could be possibly triggered
by two different phenomena. First, a charge transfer between InGaN islands and graphene could
potentially dope it locally [21,39]. Otherwise, it could be due to the introduction of a heteroatom in
the graphene lattice. In our case, this would come from the introduction of nitrogen atoms inside the
graphitic 2D lattice as it is known to be a n-dopant of graphene [21,34]. These atoms would also act as
nucleation centres for the growth of InGaN. However, it has been reported that this n-doping process
due to exposure to active nitrogen at high temperature leads to the formation of structural defects
giving rise to a D peak and a broadening of G and 2D peaks [21,40,41]. When looking at the Raman
spectra of graphene in either covered or uncovered areas in Figure 4(b), no D peak or broadening of G
and 2D peaks are observed compared to the spectrum obtained before the growth (Figure 1(d)). The
growth process does not reveal any signs of degradation of graphene or nitrogen incorporation. Thus,

itis believed that nucleation occurs via van der Waals interactions, only, between InGaN and graphene.
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Figure 4: (a) Distribution of 2D (wzp) and G (wes) peaks position for each spectrum of the Raman mapping. The
doping/strain-free graphene position is indicated by a pink rotated square. The strain, p-doping and n-doping
contribution axes are respectively plotted in black, blue and dark green. The light green line represents the n-

doping axis shifted upward along the strain axis. (b) Raman spectra of graphene under an island (orange) and in
an uncovered area (red).

Following this first Raman mapping, the probed area was then partially scanned by AFM in contact
mode. It resulted in the lateral displacement of two InGaN islands and the rotation of another one, as
seen in Figure 5(a), indicating a very weak bonding energy between the IlI-N semiconductor and the
substrate. This experiment strengthens the previous assumption of a van der Waals growth process
taking place during the growth of InGaN on graphene by ammonia-based MBE. On the other hand, a
new Raman mapping acquired in the previous AFM scanned area (Figure 5(b)) reveals that the G peak
position recovers its regular value in the area where InGaN islands have been moved away. We can

also see that the G peak position under the rotated island, located at around x =4 pm andy =5 um (x
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=5umandy =6 um in Figure 3(b)), has evolved according to the new orientation of the InGaN nucleus.
This reversible of the G peak position, is then only due to a contact with InGaN. Indeed, the position of
the characteristic peaks of the SiC substrate beneath graphene being unchanged (not displayed here),
it is assumed that this shift of the G peak position cannot be caused by an additional interaction of the

light with InGaN located atop.

Y (um)

X (um)
Figure 5: (a) Secondary electron microscopy (SEM) image of InGaN nucleated at 685°C with a red dashed
box indicating the area probed for the associated (b) Raman spectroscopy mapping of the G peak position
(wa) of graphene underneath. The area considered here is the same than in Figure 3, but after the lateral
displacement of few InGaN islands by atomic force microscopy (AFM) in contact mode.

3.3 InGaN film coalescence

InGaN nucleation at 685°C has been previously demonstrated to form dendrite-like islands without
damaging graphene underneath. Nucleation at 615°C showing exactly the same behaviour, this
temperature was chosen to study the formation of an InGaN film with an extended growth duration
while enhancing In incorporation into the alloy. In this manner, the growth of InGaN at 615°C was
conducted for 2 hours resulting in an almost completely coalesced film observed by SEM in Figure 6(a).
The alloy seems to coalesce in some areas forming few microns long bands in the material, while it
looks very disordered in the zones where there is a darker contrast in Figure 6(a). It remains possible
to lift off the thin film by simply using a sticky tape. When doing this and consequently scanning the
area at the edge of the film and the exposed graphene, it can be observed that the coalesced bands in

the material have roughly the same orientation as the terraces in the SiC substrate. However, the shape



Page 11 of 19

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-125700.R1

of the InGaN bands do not exactly match the one of the terraces in the SiC. Therefore, it is not yet
possible to conclude on the influence of the SiC steps on the growth of InGaN. The thickness of the
film is estimated to be 70 nm, measured by AFM at the edge of an area where InGaN was removed
with sticky tape. This value has to be put in perspective with the 30 nm root mean square (RMS)
roughness also measured by AFM on the layer. Indeed, the measured thickness, by AFM, reaches
almost 100 nm in certain regions whereas it goes down to 40 nm in others. The roughness and disorder
in the film can be further evidenced by in-situ RHEED pattern along one direction of the sample as
displayed in Figure 6(b). The presence of dots indicates a rough layer with a 3D growth mode as
observed during the nucleation and coinciding with the quite high value of RMS roughness measured.
These spots are divided in three groups labelled by dark blue, green and light blue arrows in Figure
6(b). The 0™ diffraction order is indicated by a red streak. It has to be noted that only one group of
points (indicated by dark blue arrows) was visible at the early stages of the growth during the
nucleation step of InGaN. Each group of spots corresponds to one family of crystallographic planes.
The distance between a family of spots and the 0'" diffraction order being directly related to the inter-
reticular distance d(h,k,l) of the planes involved in the diffraction, each family of planes can be
determined. In this way, the dark blue, green and light blue arrows correspond to diffraction spots

from respectively {1010}, {1120} and {2130} family of planes.
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Figure 6: (a) Secondary electron microscopy (SEM) image of the InGaN film surface after a 2 hours growth at
615°C on graphene, with white arrows indicating the crystallographic orientation of the SiC substrate. (b)
Reflective high-energy electron diffraction (RHEED) pattern at the end of the growth. The red streak indicates the

0" order of diffraction, the dark blue, green and light blue arrows respectively indicate the diffraction spots of
the {1010}, {1120} and {2130} family of planes.

In order to further investigate the several crystallographic orientations in the film, electron backscatter
diffraction (EBSD) mapping was performed, with a 1° tolerance in the misorientation of the grains. The
EBSD maps are shown in Figure 7(a), (b) and (c). The colorscale in Figure 7(d) links the colors of the
maps with the corresponding reticular directions. The mapping of the out of plane orientations of
InGaN (Figure 7(b)) exhibits two types of regions. The main region, in red in Figure 7(b), corresponds
to the single [0001] direction and is correlated to the bands morphology described above. This
evidences a growth of the InGaN alloy along the c axis of the wurtzite structure, in majority. Small
disordered areas (less than 2 um on average) with multiple orientations are also clearly visible and
correspond to the dark contrast observed on SEM image in Figure 6(a). These areas are probably due
to parasitic nucleation phenomena. When looking at the in-plane orientation mapping of the InGaN
layer, the small disordered regions can again be easily identified because of the multiple orientations,

but in the coalesced band regions, multiple orientations are also visible. The dark blue, green and light
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blue colors correspond respectively to the [1010], [1120] and [2130] directions of the
crystallographic structure. These directions are perpendicular to the planes with the same indexes
evidenced on the RHEED pattern in Figure 6(b). Figure 7(e) helps visualising these directions in the
hexagonal lattice as well as the rotation angles between them. The angle between [1010 ] and [1120]
directions is 30°, while the angle between [2130] and [1010 ] directions is 19.1° and the one between
[2130] and [1120] directions is 10.9°. EBSD mapping allows us to also estimate the proportion of each
cristallographic orientations detected in the probed area. The result of this estimation is displayed in
Figure 7(f), which represents the fraction of each orientations found in the map according to its
misorientation angle. Three peaks can be fitted with lorentzian functions attesting three different
orientations in the film. A crystallographic orientation ([2130] in light blue) appears to be dominant
compared to the other two. A 10.4° misorientation angle is found between this orientation and the
second most important one ([1120] in green). Finally, a 20.2° misorientation angle is found between
the main direction ([2130]) and the third one ([1010 ] in dark blue). These values are consistent with

the theoretical misorientation angles shown in Figure 7(e), according to the 1° tolerance in the

misorientation of the grains calculated by the analysis software.
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Figure 7: Electron backscatter diffraction (EBSD) mapping of InGaN film, grown at 615°C for 2 hours, at 20kV: (a)
pattern quality, (b) out of plane and (c) in-plane crystallographic orientations, with a 1° tolerance in the
misorientation of the grains. (d) Colorscale of the electron backscatter diffraction mapping. (e) Cristallographic
directions in the hexagonal lattice indexed with colors matching the electron backscatter diffraction mapping
colorscale. (f) Misorientation angle distribution between the grains indexed by the electron backscatter
diffraction analysis software Esprit from Bruker.

The structural characterization of the film was furthered with XRD measurements presented in Figure
8. p-scan (Figure 8(a)) performed on (1013) reflection of both InGaN layer and SiC substrate exhibits
six peaks in both cases testifying their six-fold symmetry. More importantly, it shows that the same
reflection of the two materials arise at the same position demonstrating an epitaxial relationship. No
other peaks could be observed meaning that only the most dominant orientation is visible by XRD. The
rocking curve performed on the (0002) reflection of the InGaN film gives a FWHM of 515 arcsec as

observed in Figure 8(b). This value is similar to what is obtained for GaN grown on graphene by
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metalorganic chemical vapour deposition (MOCVD) by Kong et al [6], with 660 arcsec. The fact that the

layer is not completely coalesced surely plays a role in this relatively low value.
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24 Figure 8: X-ray diffraction measurements, (a) phi-scan performed on both InGaN layer and SiC substrate on
25 (1013) reflection and (b) rocking curve performed on InGaN on (0002) reflection.

30 Finally, a PL spectrum of the sample in Figure 9, made at 10K, displays a band-edge emission of the
32 alloy at 3.38 eV corresponding to 2% of In in the material according to Wu et al. [42]. The broad

34 emission band from 2 to 3.25 eV is attributed to defects in the material.
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57 Figure 9: Low temperature photoluminescence spectrum of the InGaN layer performed at 10K.
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4. Conclusion

To conclude, it is demonstrated the nucleation and growth of InGaN on epitaxial graphene by MBE.
The growth of InGaN occurs via a 3D growth mode leading to the formation of dendritic shaped islands
without damaging the graphene. A very weak binding energy between the substrate and the IlI-N
semiconductor was evidenced by simply moving laterally InGaN nuclei on the graphene substrate by
means of an AFM tip in contact mode. When extended further, the growth leads to the formation of
an almost completely coalesced film. Several crystallographic orientations are found to be co-existing
in the layer. The main orientation exhibits an epitaxial relationship with the SiC substrate and the

quality of the film is comparable with GaN films grown on graphene already reported in literature.
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