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Abstract: Single-layer (SLG)/few-layer (FLG) and multilayer graphene (MLG) (>15 layers) samples
were obtained using the CVD method on high-textured Cu foil catalysts. In turn, plasma-assisted
molecular beam epitaxy was applied to carry out the GaN graphene-assisted growth. A thin AIN layer
was used at the initial stage to promote the nucleation process. The effect of graphene defectiveness
and thickness on the quality of the GaN epilayers was studied. The bilayer graphene showed the
lowest strain and provided optimal conditions for the growth of GaN/AIN. Theoretical studies based
on the density functional theory have shown that the energy of interaction between graphene and
AlIN is almost the same as between graphite sheets (194 m]J/ mz). However, the presence of vacancies
and other defects as well as compression-induced ripples and nitrogen doping leads to a significant
change in this energy.

Keywords: GaN/AIN; molecular beam epitaxy; CVD graphene; buffer layer; gallium nitride;
GaN-on-5i technology

1. Introduction

Heteroepitaxy of IlI-nitrides is one of the most widely developed techniques for the
manufacturing of devices for optoelectronics (light-emitting diodes [1,2], laser diodes [3,4],
ultraviolet emitters [5]) and high-frequency power electronics [6,7]. Due to the lack of
cheap GaN or AIN wafers of sufficient size, GaN-based structures are usually deposited
on various foreign substrates such as sapphire, 4H-SiC (0001) or silicon (111). The main
drawback of sapphire is its low thermal conductivity, whereas silicon carbide substrates are
still rather expensive. Silicon wafers are more manufacturable and significantly cheaper [8].
They have sufficient size (up to 8 inches) and higher thermal conductivity than Al,Os.
The ability to manufacture GaN-based devices in fully depreciated 6- or 8-inch wafer
silicon fabrication plants provides the cost competitiveness of GaN-on-Si technology [9].
Despite all the successes, obtaining III-nitrides on Si substrates is still problematic due to
the differences in lattice constants (18%) and thermal expansion coefficients (46%) of these
materials [10]. Thus, GaN-on-Si technology requires a complex buffer design including
different transition layers and superlattices [11,12] to reduce the dislocation density and
residual stresses.

In some recent works, researchers regarded graphene as a suitable 2D buffer, which
facilitated the high-quality epitaxy of Ill-nitrides layers on a silicon substrate via both the
MOCVD [13-16] and MBE techniques [17-19]. Graphene has a hexagonal crystal lattice
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comparable to the (0001) plane of a GaN (AIN) crystal in the wurtzite phase. In addition,
graphene is thermally stable and can be transferred to an arbitrary substrate. The Van der
Waals interaction at the Ill-nitride/graphene interface provides reliable binding despite
some lattice constants mismatch. In addition, gallium atoms can migrate on the graphene
surface due to the sufficiently low migration barrier (12 meV) [20]. On the other hand,
the nucleation on the pristine graphene is very difficult due to the absence of dangling
bonds on its surface [21]. Islands of nuclei appear primarily at the graphene wrinkles. This
effect leads to poor morphology and high defect density in GaN epilayers. Oxygen [22]
or nitrogen [23,24] plasma pretreatment can be applied to promote GaN nucleation and
growth on the graphene surface. In addition, the work function, surface potential, surface
oxidation and chemical activity of few-layer graphene highly depend on the number of
layers. Therefore, number of layers influence on the density and activity of nucleation sites.

Despite the growing interest in the graphene-assisted epitaxy of IlI-nitrides, there are
only a few studies considering the dependence of the nucleation process on the number
of graphene layers [21,25-27]. The only work devoted to the growth of GaN by MBE on
graphene-coated SiO, substrates was conducted by [25]. However, the authors of [25]
considered only XRD data. In our previous works [18,28], GaN and AIN graphene-assisted
epitaxy using the PA-MBE method on an amorphous substrate was demonstrated. In the
present paper, we investigate the epitaxy of GaN/AIN on few-layer and multilayer CVD
graphene. The effect of the number of graphene sheets, surface properties and defectiveness
of the 2D buffer on the quality of the resulting Ill-nitrides epitaxial layers are considered in
detail. A theoretical study of the AIN-graphene interaction conducted using the density
functional theory complements the experimental results.

2. Experimental Section

We deposited graphene on pure copper foil (99.999%, Alfa Aesar) using atmospheric-
pressure chemical vapor deposition (AP-CVD). Two gases, methane and ethylene, were
used as precursors. The synthesis took place in a cylindrical quartz reactor with a diameter
of 14 mm. We used a custom-made CVD setup (Figure Sle). The sample size was equal
to 35 x 45 mm?. The temperature and duration of the catalyst annealing were equal to
1 h at 1050 °C, respectively. Two gases, nitrogen N, and hydrogen H;, were involved
during annealing. Their flow rates were equal to 100 and 150 cm® min~!, respectively.
Single-layer (SLG)/few-layer (FLG) and multilayer graphene (MLG) (>15 layers) samples
were obtained from the reactor at 1054 °C within 20 min. Subsequent cooling of the reactor
in the presence of gaseous nitrogen flow was conducted at a rate of 50 °C min~!. For
SLG, in order to preserve the integrity of the graphene during wet-chemical transfer, we
used a polymer support, which was subsequently removed using special techniques. In
the case of multilayer graphene, a wet-chemical transfer was carried out without polymer
support. After the process of graphene synthesis, the copper catalyst was completely
etched in an aqueous solution of FeCl. After removal of the catalyst, the graphene films
were carefully transferred to the surface of 3-inch silicon wafers with 500 nm-thick thermal
Loxide (SiO, /Si).

The methods of scanning electron microscopy and scanning probe microscopy were
used to study the morphology and surface relief of the experimental samples. For all
AFM measurements, a Solver Open microscope (NT-MDT) was applied in the semi-contact
scanning mode with a NSGO01-brand cantilever. The typical tip curvature radius for this
cantilever is 10 nm.

The analysis of the crystal structure and crystalline perfection was carried out by the
electron backscatter diffraction (EBSD) and high-resolution X-ray diffraction (HRXRD)
methods. An Ultima IV (Rigaku) diffractometer provided XRD patterns of the considered
samples. We used the wavelength A corresponding to CuKa (0.15406 nm).

Deformations, doping, defectiveness, thickness, and quality of graphene were esti-
mated via Raman spectroscopy. We used a confocal micro-Raman spectrometer Confotec
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NR500. It provides an excitation wavelength, spectral resolution and spectral accuracy of
about 532 nm, 1 cm™!, and ~1 cm™1, respectively.

The number of graphene layers was also estimated using the classical light transmis-
sion method. Here, optical quartz plates were used as a substrate. Spectral measurements
were performed using a UV-2600 Shimadzu spectrometer.

In this work the plasma-assisted molecular beam epitaxy system Veeco GEN 930
was used to carry out the process of Ill-nitrides graphene-assisted growth. After low-
temperature annealing (200 °C) in the load-lock chamber, the wafer with the graphene
buffer was attached to a substrate holder in the growth module. This was followed by high-
temperature annealing at growth temperature (in the range of 700-720 °C) under ultrahigh
vacuum conditions. First, a 35 nm-thick AIN wetting layer was deposited. The temperature
of the Al effusion cell was 1060 °C providing nitrogen enriched conditions. Both shutters
(for Al and N cells) were opened simultaneously and remained open throughout the
entire time of the AIN nucleation growth (480 s). After that, a 500 nm-thick GaN layer
was grown. The temperature of the Ga cell was 970 °C providing metal-rich conditions.
A Metal Modulated Epitaxy (MME) technique was used which consists in the pulsed
gallium supply to prevent its accumulation on the surface in the form of liquid metal
droplets, while the flow of active nitrogen remained constant throughout the entire GaN
growth process. The pulse duration (open state time of the Ga shutter), monitored with an
optical pyrometer, was 8 s, while the pulse repetition period was 22 s. The GaN growth
consisted of 300 periods. The nitrogen consumption in both cases (AIN and GaN growth)
was 1.6 sccm at an RF source power of 350 W. The power of the substrate heater was
maintained at a constant level throughout the growth process.

The experimental samples were also investigated using an in situ reflection high-
energy electron diffraction technique (RHEED). RHEED patterns at all growth stages
were monitored using a standard 15 kV RHEED (STAIB Instruments) system equipped
with a 6-inch phosphor screen flange and a high-resolution CCD camera. The electron
beam in RHEED hits the wafer surface at an angle of inclination (~1°), which makes this
method extremely valuable for studying the crystal integrity of graphene samples and
can be a valuable tool for checking the structure and quality of graphene on the surface
of amorphous substrates before manufacturing various devices. It should be noted that
RHEED patterns can be obtained in the entire range of azimuthal angles ¢ from 0° to 360°
due to the possibility of wafer holder rotation controlled by a stepper motor. The beam
reflection profiles were obtained at different sample rotation angles in increments of 1°.

To supplement the obtained experimental results, we carried out modelling of the AIN—
graphene interaction. Calculations were carried out within the density functional theory
with dispersion Grimme corrections [29], which ensure correct accounting for non-covalent
interlayer interactions, as provided in the Quantum Espresso package [30,31]. Ultrasoft
pseudopotentials with the GGA-PBE functional were used for all elements [32,33]. The
cutoff energy of the plane wave basis was chosen to be equal to 45 Ry. The number of points
of the Monkhorst-Pack grid [34] in k-space was 4 x 4 X 1. The first order Metfessel-Paxton
scheme with 0.01 Ry smearing was used [35]. Structural optimization continued until the
residual forces became less than 0.1 meV/A.

3. Results and Discussion

Figure 1a shows the scanning electron microscopy (SEM) image of 25 pm thick Cu foil
after graphene growth. Additional SEM and AFM images of the copper foil surface are
given in the supporting information (Figure Sla,b). The surface of Cu is smooth, without
pits, with an average grain size of 80-150 um. The dominant orientation of the copper
grains was analyzed using the XRD method (Figure 1b,c).
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Figure 1. (a) SEM image of the 25 pm Cu foil: (b,c) X-ray diffraction 6-26 spectrum and pole figure of
a Cu (100) sample after graphene growth; the inset shows the rocking curve for the Cu (100) diffraction;
(d—f) EBSD analysis of the Cu foil after graphene growth; (d) the crystallographic orientation mapping
in direction normal to the sample surface; (e) The color code for this map is given in the stereographic
triangle; (f) The corresponding pole figure in [001]-direction (i.e., normal to the sample surface).

As follows from the X-ray diffraction analysis, the copper catalyst used has a pre-
dominant (100) orientation (Figure 1b). The measured XRD 620 scan (Figure 1b), shows
a Cu (200) peak (26 = 50.37°). The presence of one diffraction peak indicates a good texture
with out-of-plane grain orientation along the <100> direction. The inset to Figure 1b shows
the Cu (200) peak profile, with a characteristic small width at half maximum (FWHM)
of ~0.19°. The small value of the FWHM suggests that the Cu film has a high crystalline
quality. For additional study of the texture, an incomplete X-ray pole figure (PF) (100) was
assembled (Figure 1c). The maximum tilt angle at this PF does not exceed 70°, so only
the central maxima are visible. To evaluate the domain sizes and microstructure of the
Cu (100) foil, an EBSD analysis was performed (Figure 1d—f). Figure 1d shows a crystallo-
graphic map of the Cu film orientation using the inverse pole figure (IPF)-Z component,
which correlates spatial crystallographic orientations with respect to the normal sample
surface. The color uniformity in Figure 1d (corresponding to the stereographic triangle
in Figure le) suggests that the normal direction of the sample is <100> over the entire
map. Figure Slc shows the <100> angular deviation orientation map of copper grains. The
dominance of one color demonstrates the mutual direction of all copper grains along the
direction with a slight misorientation of several degrees (~2°) (Figure S1d). Figure 1f shows
the Cu (100) EBSD PF in the sample normal direction, which is fully consistent with the
results of the X-ray diffraction (Figure 1c).

After transfer to an amorphous substrate, the graphene samples were analyzed using
the SEM and AFM methods to obtain information on the quality of the surface morphology;,
the presence of contaminants, wrinkles or various defects. Figure 2a—c shows the quality of
the S5i0, /Si surface morphology. The root mean square roughness (RMS) calculated from
AFM data is about 0.4 nm.
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Figure 2. SEM images of graphene layers obtained on a 3-inch silicon wafer (with amorphous surface
due to thermal oxide film) via PA-MBE epitaxial growth (a). Randomly selected regions of FLG
(d) and MLG (g). AFM height images and line scan profiles: the oxide surface (b,c), the random
regions of FLG (e,f) and MLG (h,i).

Contrast changes in the SEM images (Figure 2d) indicate the presence of SLG and
few-layer graphene (FLG) regions, which were purposefully obtained in the process of
graphene synthesis on Cu (100) by the CVD method. However, the AFM is the main
method for directly determining and confirming the thickness and roughness of single-
and few-layer graphene [36-38]. Figure 2e,h shows typical AFM results for transferred
graphene on the SiO; /Si substrate surface. As a result of the use of liquid transfer and
subsequent drying of the sample, graphene can be raised several additional angstroms
above the amorphous substrate [37]. According to the measurements of the AFM profiles
(Figure 2f), the height of the areas of multi-layer graphene corresponds to 0.7-0.9 nm
and can be identified as two-layer graphene [38]. The observed differences in surface
morphology (Figure 2e,h) on the graphene samples are caused by the influence of the
number of layers of crumpled graphene on the surface of the SiO, /Si substrate [38]. When
using a polymer framework and liquid transfer of graphene onto an amorphous substrate,
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a certain amount of polymer residues, wrinkles and tears are present on the surface, the
number of which is significantly reduced after the process of thermal annealing in the
PA-MBE chamber. The liquid process of transferring graphene to the substrate contributes
to the deformation of graphene layers, such as bubbles and wrinkles, often formed by the
capture of water, gas, or solid nanoparticles at the interface (Figure 2h,i) [39-41].

Analysis of the graphene samples” surface transfer to the SiO,/Si substrate by the
EDX method (Figure 52) demonstrates the presence of only three elements: carbon (C),
oxygen (O) and silicon (5i). This indicates that we have carried out high-quality operations
to cleanse graphene from contamination.

According to the light transmission measurements (Figure 3a), the transmission at
550 nm demonstrates a value of 96.3% for FLG (blue curve) and 60% for MLG (black
curve). The first value corresponds to a number of graphene layers between 1 (97.5%) and
2 (95.5%) [42,43]. The second measurement indicates that we have obtained multilayer
graphene with a large number of layers (more than 15) [43].
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Figure 3. (a) The transmittance coefficient of graphene samples transferred on a SiO2/Si sub-
strate as a function of light wavelength. Raman spectra (b,c), Raman maps of I2D/IG (d,g), ID/IG
(e,h) ratios and 2D peak FWHM (f,i) from random areas on the continuous FLG (b,d-f) and MLG
(c,g—i) transferred to a SiO2/Si substrate acquired at a laser excitation wavelength of 532 nm.

To confirm the morphology and structural quality of the FLG and MLG samples, we
applied Raman spectroscopy associated with the emission (Stokes process) or absorption
(anti-Stokes process) of phonons [44]. Micro-Raman spectroscopy is particularly useful in
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obtaining information on the quality, thickness, doping levels, and strain of graphene [45-51].
Figure 3b,c shows the typical Raman spectra from SLG (red line), FLG (blue line) and MLG
(black line), measured at random sections of the substrates. Several main peaks appear
on the Raman spectrum of the graphene: the primary mode of vibrations in the plane, G
(~1580 cmfl) ; another vibration in the plane, D (~1350 cm™1); the second-order overtone,
2D (~2690 cm™1) [45]. As known, the G peak corresponds to sp?-hybridized graphene,
whereas the D peak arises from defects induced in a perfect sp>-hybridized structure [46].
Peak D is correlated with the disorder in graphene lattice. The positions of the peaks
D and 2D are dispersive, so they depend on the energy of laser excitation [46]. In this
paper, measurements were obtained using a laser with an excitation of 532 nm. Due to
the additional forces arising from the interaction between graphene layers, as the number
of layers increases, the spectrum will differ from the spectrum of single-layer graphene,
namely the splitting of the 2D peak into an increasing number of modes [47]. Peak G also
experiences displacement due to an increase in the number of layers [51]. Thus, to study
the number of graphene layers, it is necessary to analyze the ratio of peak intensities 2D
and G (I,p/Ig), as well as the positions and shapes of these peaks (Figure 3d,g) [50]. In
turn, the ratio of Ip to I (Ip/Ig) reflects the quality of the graphene (Figure 3e,h) [46].

Figure 3d-i shows the maps for the intensity ratio of 2D and G (I;p/Ig), the intensity
ratio of D and G (Ip/Ig) Raman bands and maps of 2D peak FWHM. From these maps we
can identify areas with different values of the ratios I,p/Ig and Ip/Ig. The value of the
Ip/Ig ratio greater than 1.3 apparently belongs to the areas of a single-layer graphene with
characteristic values of FWHM 2D bands ~30 cm ! [46,50-55]. In addition, these sections
of graphene have a slight value of Ip /Ig (~0.175) (Figure S3c), which also corresponds to
single-layer graphene with a small number of defects [46]. Besides the regions typical of
SLG, there are areas of FLG graphene with a lower I,p/Ig ratio. For such regions the value
of the I,p /I ratio is mainly from 0.5 to 1.25 (Figure 3d and Figure S3a). The value of the
FWHM 2D-range is between 44 and 68 cm~!. This indicates the presence of regions of
few-layer graphene. It is noteworthy that for regions of FLG, the values of the Ip /I (~0.11)
(Figure S3d) ratio are less than that for SLG (Figure S3c). In particular, an increase in the
Ip/Ig ratio suggests that much higher defects prevail and are easily induced in thinner
layers [55]. A comparative analysis of histograms of the I,p/Ig intensity ratios and Ip/Ig
for an area of 70 x 70 um (Figure S3) indicates the predominance of single-layer over two-
layer fractions in the resulting graphene, which is also confirmed by spectrophotometry
data (see Figure 3a). The average values of the FWHM 2D bands for SLG and FLG are
about 41 and 56 cm ™!, respectively (Figure S3e,f).

In turn, a sample of a multilayer graphene is characterized by a significant decrease
in the ratio of I,p/Ig (Figure 3g) and an increase in the ratio of Ip/Ig (Figure 3h). The
value of the FWHM 2D bands are significantly increased (Figure 3i). A comparative
analysis of the histograms (Figure S3) demonstrates the average value of the ratio I,p /I is
~0.08 and ~0.61 for Ip/Ig, while the average value of the FWHM 2D bands is ~111 cm~!
(Figure S3b,g,h). These results indicate the similarity of the synthesized multilayer graphene
with graphitized carbon [56].

Various types of defects play an important role in the process of the nucleation and
growth of Ill-nitrides on the graphene surface [21,57]. The studied samples differed
in the values of the RMS (Figure 2b,e,h) and the density of defects (Figure 3e,h). A
Raman analysis confirmed this conclusion (we adopted the Ip/Ig ratio as a measure
of the density of point defects in graphene [58-64]). The defect density (np) in the
graphene samples used was quantified from the Ip/Ig ratio as np(s;g) ~3.93 x 1010 cm—2,
np(rrg) = 247 x 101 em=2 and np 16y = 1.37 x 10" em ™2 for SLG, FLG and MLG,
respectively. The topic of distinguishing between the Raman spectra of one and another
type of defective sp? carbon remains an area for future study.

Thus, for further studies of the epitaxy of nitrides, we obtained two separate graphene
samples transferred to the amorphous surface of SiO, /Si substrates. Based on the results
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of Raman spectroscopy and light transmission (Figure 3) of the obtained graphene samples,
it is possible to identify SLG, FLG and MLG regions.

It was previously shown [28,65,66], the RHEED technique can be applied for visu-
alization of graphene reciprocal structure and to analyze the ordering of its crystalline
domains. Previously [38], it was shown that in the case of a single-crystal 2D material, its
reciprocal space structure consists of vertical rods. Because of the relatively large wave
vector of electrons in RHEED, the Ewald sphere is large and crosses the rods in reciprocal
space. In general, bands form in RHEED patterns in 2D materials (Figure S4a). We obtained
the reciprocal lattice of the 2D material by the measuring of streaks as a function of the
momentum transfer parallel to the surface (k”) at different azimuthal angles ¢ [28,65,66].
We constructed a reverse space map for graphene with two types of crystallites with a
mutual rotation of 30° (Figure S4c), which is synthesized on a Cu (100) catalyst using the
CVD method [28].

The RHEED method was used to analyze the graphene in situ and control the processes
of nucleation and subsequent stages of IlI-nitride growth (Figures 4 and 5). Figure 4 shows
the RHEED patterns from the FLG (Figure 4a) and MLG (Figure 4d) transferred to a SiO, /Si
substrate. The in-plane structures of graphene and GaN/AIN films can be derived from
their observed structures in 2D reciprocal space. In the reciprocal space, the radius and
polar angle correspond to the reciprocal distance from the (00) spot and azimuthal angle,
respectively. Figure 4b,e shows the intensity profiles of line scans as a function of k; (the
distances from (hk) to (00)) at a fixed value k| [28,65]. Since a sample with FLG is more
characterized by SLG regions, the widened peaks characteristic of graphene are noticeable
in the RHEED images (Figure 4a—c). In the case of MLG, the main peaks are characterized
by a smaller FWHM (Figure 4e), which leads to the more contrasting RHEED reciprocal
space structure (Figure 4f). A smaller half-width value is associated with a larger value of
the thickness of the MLG film compared to FLG.
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Figure 4. Images of RHEED patterns obtained of FLG (a) and MLG (d) at azimuthal angles
¢ =0° (a,d). Intensity profiles for azimuthal angles ¢ = 0° (b,e) for FLG (b) and MLG (e), respectively.
(c,f) The RHEED reciprocal space structures for the FLG (c) and MLG (f) samples.



Appl. Sci. 2022,12,11516

90f17

—-3.94-2275 0

k(A7

Intensity (arb.units)
T 0.80

22753.94 ’ 0.

(b)

065" ' 00)

(c)

Intensity (arb.units)
0.80

0.75
0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30

533

2.275

k (A7)

2275

i3

—-4.55 2275 0 2.275 4.55
k(A7

(e) (f)

Intensity (arb.units)
0.70

T T T T — 0 (p (O)
0.8+ (00) ¢ =0.0° 30 0.64
2071 {1 i3 0-59
=]
= o6} 2275 0.53
£ 06 % 0.48
z 0.5+ 055 0 0.42
Z = 037
B 0471 - =4 2275 031
E 5 a0 10 :
031_ (21 @n_ 3% 0.26
(20) 2 -
024 1 0.20
—3.94-2.275 & 2.2753.94 P T — e abs 0.15
Kk —1 —4. —2. . .
H( ) k”(A—l)

Figure 5. (a,d) Images of RHEED patterns from the GaN surface during PA-MBE growth on FLG
(a) and MLG (d) at azimuthal angles ¢ = 0°. (b,e) Intensity profiles for azimuthal angles ¢ = 0° for
the GaN layer growing on FLG (b) and MLG (e), respectively. (c,f) Structures of RHEED reciprocal
spaces of the GaN layer grown on different graphene buffer layers: FLG (c) and MLG (f).

The growth kinetics of the AIN wetting layer on graphene to improve the quality of the
GaN epitaxial layers is not well-studied. Nevertheless, in this work, we used the standard
nucleation process, which showed itself well during the growth of heterostructures on SiC
(30-40 nm-thickness of the AIN layer under a Nj-rich regime at Ts = 710 °C). PA-MBE
growth at this stage was also controlled by the RHEED method (Figures S5.1 and S5.2).

The next RHEED patterns (Figure 5a,e) measured along the axes of the [0110] band
follow the PA-MBE growth of GaN/AIN epilayers on different regions of the graphene
buffer: FLG (Figure 5a) and MLG (Figure 5e). Note that the axes of the [0110] band
correspond to ¢ = 0°.

Figure 4c,f shows the reciprocal space structures of the transferred FLG and MLG.
Figure 4cf, shows twelve mutually symmetrical spots at the reciprocal distances of
2.9 and 5.1 A~! from the center. These correspond to graphene domains randomly oriented
with respect to each other. According to our previous study [28], the direction of graphene
growth is rotated by 30° because of the 60° crossing of in-plane grain boundaries. Therefore,
twelve observed peaks point to two graphene domains disoriented by 30°. Figure 5c,g
shows constructed structures of the 2D reciprocal space derived from our experiments
Figure 5¢,g). Characteristic peaks from GaN grown on FLG (Figure 5a—c) demonstrate a
greater intensity value with a smaller FWHM compared to nitride on MLG (Figure 5e-g).
These results indicate the production of a higher-quality gallium nitride with a smooth
surface morphology on FLG.

Figure 6 shows SEM images of the surface of GaN grown on an AIN/graphene/SiO, /Si
substrate. One can trace the difference between GaN growth on the SLG (Figure 6a,b)
and FLG (Figure 6¢) regions. The SEM images clearly show areas of different contrast
(Figure 7a), differing in the quality of the epitaxial layers and surface morphology
(Figure 6b,c). These areas correlate well with areas of single-layer and few-layer graphene
(Figure 2d,e) before PA-MBE growth. Figure 6d shows a general AFM scan of the GaN/AIN
film on SLG and FLG. Figure 6e,f shows AFM scans of GaN/AIN films on the SLG
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(Figure 6e) and FLG (Figure 6f) areas separately. Figure 6g—i shows SEM and AFM images
of GaN/AIN film grown on MLG.

Figure 6. SEM and AFM images of the surface of GaN/AIN (0001) film grown on SLG (a,b,d,e) with
regions of FLG (c,f) and on MLG (g-i) in random regions of the samples.

In the PA-MBE process, epitaxial GaN/AIN layers grow directly on the graphene-
coated regions; in other places, the nitride layers are polycrystalline. The formation of
polycrystalline GaN/AIN occurs due to the low surface mobility of the adatom and rare
nucleation sites. These regions possess increased reactivity and therefore facilitate nucle-
ation of AIN. The improvement in the quality of the GaN layers in the sections of FLG
indicates that the density of AIN cores correlates with the density of defects in graphene
and its root-mean-square roughness. This correlates well when comparing the growth of
GaN/AIN on graphene with different numbers of layers (Figure 6).

The thickness of the graphene significantly affects the selectivity of the growth of layers
of III nitrides. Figure 6 confirms this conclusion for all the samples studied. A particularly
clear contrast is observed in Figure 2e, where FLG regions are present. The contrast is
due to the different number of graphene layers. The light and dark areas in the figure
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correspond to small and large numbers of graphene layers, respectively. Epitaxial layers
of nitrides of the best quality are formed only in the darker regions (few-layer graphene),
while in the light regions (low-layer graphene) the nucleation of nitrides is worse, as can be
seen from Figure 6a—f. We assume that the role of graphene n-layers can be explained by
differences in surface potential or chemical reactivity.
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Figure 7. Raman analysis: (a,d) Raman mapping of G peak intensity and of the E;gn) peak intensity
(b,e) and position (c,f) from random areas on the continuous FLG (a—c) and MLG (d—f) after nitrides
PA-MBE growth acquired at a laser excitation wavelength of 532 nm.

In the case of the growth of nitrides on multilayer graphene, epitaxial layers are
characterized by a developed surface morphology with the presence of a large number
of structural defects (Figure 6g—i). There are also distinctly traced areas of a circular
shape (Figure 6i), where bubbles with liquid were presumably present after the transfer of
multilayer graphene to the surface of the amorphous substrate (Figure 2g—i). The surface of
the bubbles was characterized by a convex shape (Figure 2i), which led to the formation of
a polycrystalline layers of nitrides on its surface (Figure 6i). EDX analysis (Figure S6f) of
nitride film on MLG indicates the presence of a small amount of copper, which confirms the
nature of the observed bubbles due to fluid residues during the liquid transfer of graphene
to the amorphous substrate.

By mapping Raman spectra and determining the intensity of the graphene and nitride
peaks, we can identify regions of SLG and FLG graphene after PA-MBE of the IlI-nitride
layers. Figure 7 shows the Raman maps for the obtained experimental samples. In the
spectra of epitaxial layers, it is possible to identify the combination peaks of graphene
(D-band, G-band, and 2D-band), as well as the characteristic Exign)-peak of GaN allowed
for a c-oriented wurtzite structure. These data indicate that graphene remained under the
nitride film. To characterize areas with a different number of graphene layers (SLG and
FLG), maps of the G-peak intensity (Figure 7b,e) and maps of the Eypign) peak intensity
(Figure 7b,e) and position (Figure 7c,f) were constructed. Raman spectral mapping of
high peak GaN E, (Figure 7a,c) confirmed the selectivity of the GaN cores with respect to
graphene-coated wafer areas. Analyzing the Raman spectral maps of the G-peak intensity
(Figures 7a,d and S7a,b), it can be seen that the areas with a high intensity value (>200) of
the G-peak can be attributed to FLG, and areas with a lower intensity value (<200) to SLG
(Figures 7a and S7a). Analyzing the maps of the position and intensity of the Exp;gn)-peak
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of GaN (Figures 7b,c and S7cf), it can be concluded that the characteristic areas of SLG and
FLG experience different stress values in the epitaxial layers of nitrides (Figure 7c). The
difference in stress values may be associated with stress relaxation due to the occurrence of
additional defects during growth on more defective sections of graphene that correspond
to SLG. Thus, nitride nucleation occurs more qualitatively on the FLG regions, which are
less defective than the SLG regions.

The observed differences in the surface morphology of the obtained epitaxial layers
of llI-nitrides can be explained by the initial difference between graphene areas. For SLG
sections, the average value of the Eyign) band position is w~567.6 (Figures 7b and S7e).
At the same time, we observed a slight red shift of the Eo(high) band (w = 567.4 cm™),
as indicated in Figures 7b and S7f. Figure 7e and Figure S7h show a significant shift for
GaN grown on the MLG buffer (w = 568.4 cm™). Red shift of Eo(highy mode frequency
usually indicates a tensile strain, typical for epitaxial GaN grown on Si (111) substrate.
The coefficient 4.2 cm~! GPa~! describes the linear dependence between biaxial stress and
spectral shift of the E, phonon mode. Therefore, we calculated a tensile stress of GaN equal
to 0.05 £ 0.01 GPa and ~0.2 £ 0.01 GPa for GaN grown on FLG and MLG, respectively.
This value is much lower than the typical stress of GaN on silicon substrate (0.4-0.68 GPa).
The results of the Raman spectroscopy show that the formation of nitrides on graphene
with higher roughness leads to a significant increase in graphene defects and deterioration
in the quality of the nitride layers.

We investigated the interaction of graphene with AIN crystal and the effect of de-
fects on the interaction energy between the layers. As an atomistic model, a rectangular
Ci00AlgsNgaHszy cell was considered, containing one graphene layer and two layers of
aluminum nitride (see Figure 8). The outer surface of aluminum nitride was passivated
by hydrogen atoms. The ratio of the AIN and graphene lattices constants is close to 5:4,
therefore the aluminum nitride and graphene layers contained 4 x 4 and 5 x 5 elementary
cells, respectively. The positions of atoms and the lattice vectors were optimized simultane-
ously. As a result, we obtained the optimal cell size of 12.37 x 21.33 A%. The energy of the
interaction between graphene and aluminum nitride was calculated by the formula:

Ep = (E(Cy00) + E(AlgsNesHzp) — E(C100AlgsNesHzp))/ S 1)

where S is the cell area. The resulting interaction energy was 0.194 J/m?, which is very
close to the energy of interlayer interaction in graphite. Thus, the graphene/graphene and
graphene/AIN interfaces are almost equally energetically feasible. The optimal distance
between graphene and AIN layers was equal to 3.66 A.

.

e a Y

e % S

el eie

Figure 8. Periodic cell of the AIN-graphene heterostructure (a). Rippling of graphene under com-
pression applied to the system (b). Purple, yellow, orange and blue balls represent C, Al, Ga and H
atoms, respectively.

Next, we investigated the effect of uniaxial stretching and compression, as well as
characteristic defects in graphene (vacancies, Stone-Wales defect and impurity atom of
nitrogen) by Ey,. Stretching and defects may occur as a result of the interaction of graphene
with a silicon substrate if the number of graphene layers is not large enough. It is well
known that graphene compression leads to its wave-like curvature without substantial
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shortening of C-C bonds. Therefore, the simulation of compressed graphene provides an
estimation of the effect of sheet roughness on its interaction with AIN. In our study, the
compression of the system by 5% led to roughness, at which the distance between the
graphene and AIN layer was changed in the range of 3.2 to 4.3 A.

The influence of various defects on the Eg value is represented in Table 1. Only one
defect per cell shown in Figure 8 was introduced. Table 1 confirms that increased roughness
due to graphene compression significantly enhances the interaction of graphene with AIN.
In contrast, graphene stretching weakens this interaction. As for defects, only vacancies in
graphene lead to a significant increase in the magnitude of Eg.

Table 1. Interaction energy of AIN surface with pristine, strained and defected graphene calculated
with the density functional theory.

Type of Defect Ep, Jim?
No defects 0.194
Compression 5% 0.215
Stretching 5% 0.161
Stone-Wales defect 0.196
Vacancy 0.463
Nitrogen atom 0.187

On Figure 9a,c fragments of XRD spectra are shown, including GaN (0002)
(26 = 34.63°) and AIN (0002) (20 = 36.06°) maxima for FLG (Figure 9a) and MLG
(Figure 9c). The FWHM value of the (0002) rocking curve for GaN grown on an FLG
buffer is 6.95 arc. min. For GaN on MLG the FWHM of the (0002) rocking curve was 7.848.
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Figure 9. HR-XRD spectra of the experimental samples: (a,c) 26-w scanning curve and (b,d) w
scanning curve of the GaN/AIN films grown on the FLG (a,b) and MLG (c,d).

In turn, Figure 9b,d shows the w (rocking) scans for GaN/AIN samples, grown on
FLG and MLG bulffers, respectively. The peaks are centered at 34.56°, and a higher number
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of graphene layers results in the peaks broadening. The FWHM value increases from 55.55
to 60.00 arc. min. for samples grown on FLG and MLG buffers, respectively. The wider
peaks observed in the case of using the MLG buffer confirm a poorer orientation and a
large number of defects in the GaN grown on MLG.

4. Conclusions

In summary, we grew a bulk GaN/AIN on CVD graphene, transferred on silicon sub-
strate coated by an amorphous oxide layer. In comparison with our previous
works [18,28] on the study of nitrides epitaxy using a graphene buffer, in this research
we clearly demonstrate that the number of graphene layers, the type of strain and defects
are crucial for the high-quality epitaxy of GaN/AIN by the PA-MBE method. We found a
strong correlation between the number of graphene layers and the quality of GaN/AIN
grown on it. Bilayer and few-layer graphene were recognized as the most suitable buffers,
which provide plasma-assisted molecular beam epitaxy of perfect GaN/AIN films. This
fact can be explained by the difference in the FLG and MLG stiffness and defectiveness.
We believe that our investigation contributes to the development of GaN-on-Si technol-
ogy, which promises some benefits, such as low cost and high manufacturability. Due to
its flat structure, moderate activity and tendency to non-covalent interaction, graphene
probably can also be used for epitaxial growth of IlI-nitrides on other substrates which are
amorphous of have a crystal lattice unsuitable for binding to III nitrides.
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