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Abstract: The integration of graphene (Gr) with nitride semiconductors is highly interesting for
applications in high-power/high-frequency electronics and optoelectronics. In this work, we
demonstrated the direct growth of Gr on AlosGao.sN/sapphire templates by propane (C3Hs) chemical
vapor deposition (CVD) at temperature of 1350°C. After optimization of the C3Hsg flow rate, a uniform
and conformal Gr coverage was achieved, which proved beneficial to prevent degradation of AlGaN
morphology. X-ray photoemission spectroscopy (XPS) revealed Ga loss and partial oxidation of Al in
the near-surface AlGaN region. Such chemical modification of a ~2 nm thick AlGaN surface region
was confirmed by cross-sectional scanning transmission electron microscopy (STEM) combined with
electron energy loss spectroscopy (EELS), which also showed the presence of a bilayer of Gr with
partial sp?/sp® hybridization. Raman spectra indicated that the deposited Gr is nanocrystalline (with
domain size ~7 nm) and compressively strained. A Gr sheet resistance of ~15.8 kQ/sq was evaluated
by four-point-probe measurements, consistently with the nanocrystalline nature of these films.
Furthermore, nanoscale resolution current mapping by conductive atomic force microscopy (C-AFM)
indicated local variations of the Gr carrier density at a mesoscopic scale, which can be ascribed to
changes in the charge transfer from the substrate due to local oxidation of AIGaN or to the presence of

Gr wrinkles.
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1. Introduction

The integration of Gr and related two-dimensional (2D) materials with bulk semiconductors has been
the object of intensive investigations in the last years. This approach presents the advantage of combining
the functional properties of Gr with the well-assessed electronic quality of semiconductor substrates, and
it currently represents a viable root towards the industrial exploitation of Gr in electronics/optoelectronics
[1,2,3].

To date, several efforts have been done to integrate Gr with silicon [2,4,5,6], which still represents
the dominant platform for digital and low-power electronics. On the other hand, group III-Nitride (I1I-
N) semiconductors (including GaN, AIN, InN and their alloys) are widely employed in many
optoelectronics and power electronic devices. The integration of Gr with these materials has been also
explored by different research groups, with the aim to improve the performances of existing GaN-based
devices, as well as to demonstrate novel device concepts [7,8,9,10]. As an example, due to its excellent
electronic transport properties [11,12,13,14] and high optical transparency (=97.7% from UV to near-IR)
[15,16], Gr has been considered as a transparent conductive electrode for GaN light emitting diodes
(LEDs) [17,18,19,20] in replacement to currently used indium-tin-oxide (ITO). Thanks to its excellent
thermal conductivity (up to 5000 W m'K 1) [21], Gr has been also proposed as a suitable candidate to
address self-heating problems in high-power HEMT devices based on AIGaN/GaN heterostructures [22],
as well as in high power solid state optoelectronic devices [23]. Finally, the ultimate single atomic
thickness of a Gr electrode (allowing ballistic electronic transit in its transversal direction), combined
with the excellent rectifying properties of the Gr junction with Al(Ga)N/GaN heterostructures, have been
recently exploited to implement vertical hot electron transistors (HETSs) for ultra-high-frequency (THz)
applications [10,24,25]. Besides device fabrication, single or few layers of Gr have been also employed
as compliant interlayers to reduce the dislocation density of GaN films grown by metal organic chemical
vapor deposition (MOCVD) on sapphire [26] or SiC [27]. Furthermore, Gr interlayers have been also
used to grow good quality GaN on (100) oriented Si substrates (commonly used in the fabrication of Si
electronic devices), which is an important step towards monolithic integration of GaN with Si-based

complementary-metal-oxide-semiconductor (CMOS) technology [28].



To date, the most used approach for Gr integration has been the chemical vapor deposition (CVD)
of Gr on catalytic metals (typically Ni or Cu in the form of polycrystalline thin films or foils)
[29,30,31,32], followed by its transfer to the semiconductor surface. The use of catalytic substrates in the
Gr CVD growth presents the advantage of lowering the energy barrier for the dissociation of carbon
precursors, allowing Gr formation at temperatures in the order of 1000°C. The post-growth transfer
procedure typically requires the use of a protective polymeric layer, such as PMMA, onto Gr to enable
handling of this ultrathin membrane. Detachment of Gr from the native substrate is obtained either by
complete chemical etching of the metal or by Gr delamination using electrolytic methods [33]. The
transfer of the polymer/Gr stack on the target substrate is carried out, either by fishing, printing or roll-
to-roll [33,34]. Finally, removal of the polymeric carrier layer from Gr surface is performed by using
proper solvents, eventually followed by thermal treatments to eliminate polymer residuals. Although
transfer is a versatile and widely used method for Gr integration with arbitrary substrates, it can suffer
from some drawbacks related to Gr damage (cracks, wrinkles, folding) during handling and from
undesired contaminations, including metal contaminations [35] originating from the catalytic metal
substrate, that are only partially reduced by Gr delamination without substrate etching [33]. Furthermore,
the final device structure can suffer from a lack of robustness, due to adhesion problems between
transferred Gr and the substrate. In the last years, progresses on transfer approaches of Gr onto GaN or
AlxGai1xN/GaN heterostructures have been reported [10,36].

As an alternative approach to Gr transfer, the direct deposition of Gr on the III-N substrates would
be highly desirable. However, CVD growth of Gr from carbon precursors on these non-catalytic
substrates represents a challenging task, as it requires significantly higher temperatures as compared to
conventional deposition on metal catalysts. The need of high deposition temperatures represents a severe
limitation for Gr CVD on GaN, which is known to undergo decomposition and strong degradation of
surface morphology at temperatures in the order of 1000 °C [37]. For this reason, only few reports can
be found in the literature on the direct Gr growth on GaN. As an example, Sun et al. [38] developed a
CVD process for the deposition of Gr on GaN templates at a temperature of 950 °C with CoH»/NH3 gases,
where NH3 played the dual role of compensating the loss of nitrogen from GaN and to release Ha, which
is helpful for Gr growth. The deposited carbon films (with 2-4 nm thickness) were uniform, transparent
and conducting, but their sheet resistance was significantly higher as compared to standard Gr. More
recently, Kim et al. [39] employed plasma-enhanced CVD (PECVD) with CH4/H; at a temperature of
600 °C to directly grow polycrystalline Gr films on the p-GaN topmost layer of an LED structure.
Although the PECVD Gr on GaN showed significant structural disorder (as indicated by Raman spectra),



LED devices with these directly grown Gr electrodes exhibited very encouraging electrical properties as
compared to the LEDs fabricated with transferred Gr electrodes [39].

Differently than GaN, thin films and templates of AIN are typically able to sustain high thermal
budgets without degradation [40]. The first experiments on Gr CVD growth onto AIN were carried out
using AIN templates on a Si (111) substrate and propane (C3Hzg) as the carbon source [41]. More recently,
the possibility of depositing few layers of Gr on bulk AIN (Al and N face) and on AIN templates grown
on SiC, without significantly degrading the morphology of AIN substrates/templates, has been also
demonstrated [42]. The direct CVD growth of Gr on an ultra-wide-bandgap semiconductor like AIN can
open interesting perspectives in optoelectronics, e.g. in deep-UV LEDs technology. In this context, it
would be very interesting to explore the possibility of Gr deposition also on AlxGai1xN alloys with high
Al content (x>0.5). However, to the best of our knowledge, studies on the morphological/chemical
stability of these Al-rich AlGaN surfaces under the high temperature conditions used for non-catalytic
CVD growth of Gr are missing.

In this paper, we report a detailed morphological, structural and electrical investigation of few layers
Gr directly grown onto AlxGaixN on sapphire templates (with x=0.5 and 0.65) by non-catalytic CVD.
After optimization of the C3Hg flow rate, a uniform and conformal Gr coverage was achieved, which
proved to be beneficial to prevent the morphological degradation of the underlying AlGaN surface.
However, the loss of Ga and partial Al oxidation in the near-surface AlGaN region was observed by XPS
and cross-sectional STEM/EELS analyses. These high resolution microscopic/spectroscopic
measurements also showed the presence of a bilayer of Gr with partial sp?/sp® hybridization. Raman
spectra indicated that the deposited Gr bilayer is nanocrystalline and compressively strained.
Furthermore, the electrical properties of this Gr membrane have been evaluated on macroscopic scale by
four-point-probe measurement, showing a sheet resistance of ~15.8 kQ/sq, and at nanoscale by
conductive atomic force microscopy (C-AFM) analyses, showing local variations of the Gr carrier

density, probably due to local changes in the charge transfer from the AlIGaN template.

2. Materials and Methods

The AlGaN templates on sapphire used as substrates for Gr CVD deposition studies were grown in
a molecular beam epitaxy (MBE) reactor. First a GaN buffer layer (BL) was grown on a sapphire wafer,
followed by an AIN layer (100 nm to 200 nm thick) and, finally, by the topmost AlGaN layer with a
thickness of 500 nm following the growth conditions described in [43,44,45]. Two AlxGa;xN templates



with Al molar fractions x=0.5 and 0.65 have been prepared for our experiments, as schematically
illustrated in Fig.1(a) and (e).

The as-grown samples were subsequently cleaved into 5x5 mm? pieces, used to perform preliminary
thermal annealing trials and the Gr deposition experiments within a CVD reactor. The preliminary
annealing experiments, carried out in N> ambient (10 slm of N> at 800 mbar for 5 minutes) and at
temperatures ranging from 1250 °C to 1450 °C, were aimed to evaluate the morphological degradation
of AlGaN surface due to thermal decomposition effects. Following this study, the temperature of 1350
°C was chosen as a suitable value to perform the CVD Gr growth. Therefore, the Gr deposition was
carried out at this temperature for 5 minutes under 10 slm of N> at 800 mbar and different propane (C3Hs)
flow rates from 2 to 5 sccm.

The surface morphology of the AlGaN templates (before and after the thermal annealing and Gr
growth) was systematically characterized by tapping mode atomic force microscopy (AFM)
measurements performed using a DI3100 microscope with Nanoscope IV controller. Furthermore, the
deposition of sp? hybridized carbon and the compositional changes of the near surface region of the
AlGaN templates following the CVD Gr growth processes were monitored by X-ray photoelectron
spectroscopy (XPS) analyses, performed using a Thermo Scientific K o system with Alke
monochromated source.

Raman spectroscopy analyses of CVD-grown Gr were carried out using a Bruker SENTERRA
spectrometer equipped with a confocal microscopy system and a 532 nm (2.33 eV) excitation laser at
power lower than 5 mW and best spectral resolution 9 cm™'.

High resolution structural and chemical characterization of Gr/AlGaN samples cross-sectioned by
focused ion beam (FIB) was carried out using scanning transmission electron microscopy (STEM) and
electron energy loss spectroscopy (EELS). These analyses were carried out with a sub-Angstrom
aberration-corrected JEOL ARM200F atomic resolution microscope equipped with EELS spectrometer.
Measurements were performed at the so-called gentle STEM condition [46] at 60-keV primary beam
energy, which is lower than the knock-on threshold for carbon atoms (~85 keV), thus ensuring no
damage on Gr during STEM and EELS acquisition.

After these morphological, structural and chemical investigations, the electrical properties of CVD-
grown Gr onto AlGaN have been investigated both at macroscopic scale by four point probes sheet
resistance measurements in the van der Pauw configuration, and at nanoscale by conductive atomic force
microscopy (CAFM) current mapping using Pt-coated Si tips. The CAFM analyses were carried out with

a DI3100 microscope with Nanoscope V controller.



3. Results and discussion

As discussed in the experimental section, some of the AlGaN samples were subjected to preliminary
thermal treatments under N> flux in order to monitor thermal decomposition effects of the AlGaN surface
and to identify the suitable temperature conditions for subsequent Gr CVD growth under No/C3Hs flux.
Fig.1(b)-(d) show three typical AFM morphologies for the pristine AlosGaosN surface (b), and after
annealing at 1250°C (c) and 1450 °C (d) under 10 slm of Nz at 800 mbar for 5 minutes. Three AFM
analyses performed with the same scan size on the pristine AlossGao3sN sample and after identical

thermal treatments are reported in Fig.1(f)-(h).
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Figure 1. (a) Schematic cross section of the MBE grown Alo sGao sN template on sapphire used
for graphene CVD deposition. AFM images of the pristine AlGaN surface (b) and after thermal
annealing under N flux at 1250°C (c) and 1450°C (d). (¢) Schematic cross section of the MBE
grown Alo.ssGag.ssN template on sapphire used for graphene CVD deposition. AFM images of
the pristine AlGaN surface (f) and after thermal annealing under N> flux at 1250°C (g) and
1450°C (h).
The pristine AlxGaixN surfaces exhibit root mean square roughness (RMS) values of 0.8 nm and 0.6 nm,
respectively, for the templates with x=0.5 and 0.65 Al mole fraction. Such roughness values are due, in
part, to the presence of aggregates on the AlGaN surface, originating from the lack of mobility of Al
adatoms during MBE growth performed at 850-870°C [47]. A smoother morphology, with reduced RMS

values of 0.3 nm and 0.4 nm, respectively, can be observed after annealing of the two samples at 1250°C,

as shown in Fig.1 (c) and (g). On the other hand, after annealing at 1450°C under the same N flux, the



two AlGaN surfaces undergo a severe degradation with the appearance of a large density of pits, resulting
in an increase of RMS up to 14 nm and 11.8 nm, respectively (as shown in Fig.1(d) and (h)).

These preliminary experiments revealed a similar evolution of the morphology with annealing
temperature, independently of the Al content in the two AlGaN layers. In particular, the temperature of
1450 °C represents an upper limit for which strong decomposition of AlGaN surface occurs, whereas
minor morphological modifications are observed at a temperature of 1250 °C. Based on these results, the
N2/C3Hg CVD growth experiments will be carried out at the intermediate temperature of 1350 °C,
properly chosen to reduce AlGaN thermal decomposition and to provide, at the same time, the energy
needed for Gr formation on this non-catalytic surface. It is worth noting that the same temperature has
been recently employed to achieve optimal Gr growth onto AIN/SiC templates by a N»/C3Hgs CVD
process [42].

In the following, the results of the morphological, structural and chemical analyses of the AlosGaosN

template after the CVD process are reported.
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Figure 2. AFM images of the Alo.sGao sN surface after CVD depositions performed at 1350 °C
for 5 minutes with 10 slm of N> at 800 mbar and different C3Hg flow rates of 2 sccm (a), 3.5
sccm (b) and 5 sccm (c¢). The higher magnification images in the inserts of (b) and (c) show the
presence of a network of wrinkles, associated to the deposition of a carbon membrane, along
with regions showing bright contrast (indicated by white arrows) associated to carbon over-
deposition.
Figure 2 shows three typical AlGaN surface morphologies after the CVD process at 1350 °C for 5
minutes with 10 slm of N> at 800 mbar and C3Hs flow rates of 2 sccm (a), 3.5 sccm (b) and 5 scecm (¢).
A slight degradation of the AlGaN surface, with the appearance of small pits, can be observed after the
CVD process with the 2 sccm C3Hg flow rate. Interestingly, by increasing the C3Hg flow rate to 3.5 sccm

(Fig.2(b)), no pits associated to AIGaN decomposition/etching are observed. In addition to the improved



morphology, the presence of a network of wrinkles on the AlGaN surface is evident in the higher
magnification insert of Fig.2(b), along with regions showing bright contrast indicated by white arrows.
The appearance of wrinkles can be an indication of the deposition of a carbon membrane, and the bright
regions suggest overdeposition of carbon in some areas. We can speculate that the carbon membrane
deposition acts as a capping layer, preventing AIGaN decomposition. By further increasing C3Hg flow
rate to 5 sscm (Fig.2(c) and its insert), the wrinkles of the deposited carbon membrane appear to be more
pronounced and the density of clusters associated to over-deposition of carbon increases.

The deposition of graphitic carbon was monitored using XPS, by comparing the Cls core-level
spectra measured on the pristine AlGaN surface and after the CVD processes with different C3Hg flow
rates, as shown in Figure 3. A low intensity peak at 284.7 eV, associated to adventitious carbon, can be
observed for the as-grown AlGaN surface. After CVD with 2 sccm of CsHg, the Cls peak was
downshifted to 284.4 eV, i.e. closer to the expected binding energy value for sp? carbon, suggesting the
beginning of a graphitic phase deposition. Increasing the CsHg flow rate to 3.5 sccm resulted in the

increase of the intensity of the C1s peaks, located at ~284.5 eV.
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Figure 3. Cls core-level XPS spectra collected on the pristine AlosGaosN surface and after

CVD depositions performed at 1350 °C for 5 minutes with 10 slm of N> at 800 mbar and
different C3Hg flow rates of 2 sccm and 3.5 scem.

Based on the combined results of the morphological analysis and XPS investigation in Figures 2 and

3, the CVD process with 3.5 sccm of C3Hg was selected as the optimal condition to achieve the formation



of a graphitic carbon membrane, while avoiding formation of particles arising from carbon-

overdeposition.
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Figure 4. Typical Raman spectrum of the as-grown graphene on AlGaN at 1350 °C using

optimized conditions (10 slm of N» at 800 mbar and a C3Hs flow rate of 3.5 sccm).

Figure 4 shows a typical Raman spectrum collected on the as-grown sample under these optimal
process conditions. This spectrum features the characteristic peaks of graphitic carbon, i.e. the G and 2D
peaks located at ~1593 and 2686 cm’!, respectively. The 2D band exhibits a single Lorenzian shape with
a large full-width-at-half-maximum (FWHM) of ~63.7 cm’!, indicating the presence of few-layers of Gr
with rotational disorder. Furthermore, the defect-related D, D’, and D+D’ peaks can be observed in this
spectrum. In particular, the D’ and D+D’ peaks and the high D/G intensity ratio can be associated to a
high density of grain boundaries between Gr domains [41]. Furthermore, an average lateral domain size
L~7 nm was evaluated according to the relation L=(2.4x10"'9A%Ip/I)"!, where A= 532 nm is the
wavelength of the laser probe and Ip/Ig=2.7 is the intensity ratio of the D and G peaks [48]. Finally, the
blue shift of both G and 2D peaks with respect to the positions for the ideal free-standing Gr (at 1582
cm! and 2670 cm™) [49] can be attributed to the compressive strain of the deposited Gr membrane.
Similarly to the case of CVD-grown Gr on other substrates, it can be supposed that the strain accumulates
during the cooling down stage of the CVD process [50], due to the differences in thermal expansion
coefficients between the graphitic membrane and the substrate. The main effect of the Gr compressive
strain on the surface morphology of the Gr/AlGaN samples is the formation of peculiar nanometric
corrugations of the Gr membrane, the wrinkles, observed as a network in the AFM images in Fig.2(b)
and (c). A Gr wrinkle is also shown in the cross sectional HRTEM image in Fig.S1 of the Supplementary

Information.



The analyses reported so far indicate the formation of a nano-crystalline Gr membrane without
significant morphological degradation of the underlying AlosGaosN surface under the optimized
deposition conditions at 1350 °C with 3.5 sccm of C3Hg under N flux. The mechanisms of Gr formation
appear to be similar to those occurring during propane-based CVD of Gr on AIN templates [41], i.e. the
dissociation, promoted by the high process temperature, of the C3Hg carbon supply on the AIN surface,
the surface diffusion of the C adatoms and their arrangement in a Gr membrane. The increase of the
intensity of the C1s XPS peak associated to graphitic carbon with the C3Hg flow rate (see Fig.3) indicates
an increase of the Gr thickness with the increasing of carbon supply, although the formation of carbon
clusters is also observed as a competitive effect at higher flow rates.

Near surface chemical modifications of the AlGaN template during the CVD process have been
investigated by comparing the XPS core-level peaks of Ga3d, Al2p, N1s and Ols acquired on the pristine
AlGaN sample (reference) and after the Gr deposition, as shown in Figure 5(a)-(d).
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Figure 5. (a) Ga3d, (b) Al2p, (c) Nls and (d) Ols core-level peaks for the pristine AlGaN
sample and after CVD with 3.5 sccm CsHs at 1350°C under 10 slm of N2 at 800 mbar.

After the CVD process, all the peaks exhibit a shift toward lower binding energies, as compared to the

reference peaks for pristine AlGaN. This can be ascribed to an overall shift of the Fermi level of the



system, after the deposition of the Gr membrane. Furthermore, we can observe a decrease in the intensity
of the Ga3d peak (Fig.5(a)) accompanied by a relative increase in the intensity of the other peaks
(Fig.5(b)-(d)). This behavior can be attributed to the preferential sublimation of Ga from the surface
region during the CVD process at 1350 °C, resulting in an excess of Al. In addition, the Al2p peak after
the Gr CVD growth exhibits an asymmetric shape towards higher binding energy, as compared to the
symmetric peak measured on the reference AlGaN sample (see Fig.5(b)). This asymmetric shape can be
ascribed to a new component due to the formation of Al bonds with oxygen, as the expected binding
energy of Al2O; is around 74.5 eV [51,52]. Partial oxidation of Al is also confirmed by the relative
increase in the intensity of the Ols peak with respect to that of the native oxide present on the pristine
AlGaN surface (Fig.5(d)). The formation of aluminum oxide beneath the deposited carbon membrane
can be due to oxygen migrating from the sapphire substrate through the defects in the nitride
heterostructure (vacancies, threading dislocations) under the influence of the high temperature, or from
the residual oxygen doping of the as-grown AlGaN layer (usually several 10'8/cm3 according to
secondary ion mass spectrometry measurements).

In the following, high resolution scanning transmission electron microscopy (STEM) analyses combined
with electron energy loss spectroscopy (EELS) are reported, to provide further insight on the structural

and chemical properties of the near surface AlIGaN region and of the deposited Gr membrane.
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Figure 6. (a) Low magnification high angle annular dark field (HAADF) STEM image of the 500

nm thick AIGaN template, (b) Magnified bright field STEM image of the surface region, showing

2 layers of graphene on top of AlGaN. (c) HAADF-STEM taken at the interface between graphene

and AlGaN (d) electron energy loss (EELS) spectra extracted at different positions, along the

interface between AlGaN and the graphene bilayer, from the data set acquired within the field of

view of the image showed in (c).
Fig.6(a) reports a low magnification dark field STEM image of the 500 nm thick AlGaN template, from
which the presence of threading dislocations extending from the AIN layer to the sample surface can be
deduced. A high-magnification bright field STEM image of the surface region is reported in Fig.6(b),
where the presence of 2 layers of Gr on top of AlGaN can be clearly observed. Furthermore, it can be
noticed that the topmost ~2 nm region of the AlGaN layer exhibits a different contrast with respect to the
underlying part, which can be an indication of a different chemical composition of this near surface
region. Such aspect is better elucidated by the high angle annular dark field (HAADF) STEM image in
Fig.6(c) and by the EELS spectra reported in Fig.6(d). The contrast in the HAADF mode is sensitive to
the atomic number (Z) of the species under investigations, with brighter signal corresponding to higher

Z. The lower contrast of the 2 nm surface region with respect to the underlying AlGaN is consistent with

a reduced concentration of Ga and partial oxidation of Al, as indicated by the XPS analyses in Fig.5.



Finally, the EELS spectra in Fig.6(d) confirm oxygen incorporation in the near surface AlGaN region by
the appearance of the O- K edge at ~510 eV, in addition to the N- K edge at ~400 eV. Furthermore, the
graphitic nature of the bilayer on the surface is confirmed by the fine structure of the C K edge, which
includes a sharp peak at ~285 eV associated to n* bonding and a broader peak at ~295 eV associated to
o* bonding —[45]. The intensity ratio of the n* and o* peaks for our CVD Gr is lower than the one
reported for high quality epitaxial Gr on SiC [53], consistently with the nanocrystalline nature of this
material indicated by Raman spectroscopy.

In addition to the previous structural and compositional analysis, the electrical properties of the CVD
grown Gr onto AlGaN have been investigated both on macroscopic scale, by four-point probe (FPP)
measurements, and at nanoscale, using conductive atomic force microscopy (C-AFM).

Figure 7 reports a typical current-voltage characteristic measured in the FPP configuration (see schematic
in the insert), i.e. by forcing the current (I1.4) between two probes placed at two corners of a square
Gr/AlGaN sample and measuring the potential difference (V2-3) between the two probes on the opposite
side. A low force is applied by the probes, in order to avoid punch through the ultra-thin Gr membrane.
This curve exhibits a linear behavior, indicating an ohmic contact between the probes and Gr. A Gr sheet
resistance Rsn=15.8 kQ3/sq was evaluated from the slope of this curve. It is wort noting that the underlying
AlGaN template does not influence the measurements of the Gr sheet resistance, since current flow from
Gr to AlGaN is hindered by the Schottky barrier at this interface [24,54]. The measured Rsu value is
similar to the one reported for few layers nanocrystalline Gr deposited by direct CVD on other non-
catalytic substrates, such as SiO2 [55]. On the other hand, it is more than one order of magnitude higher
than the typical values for unintentionally doped Gr grown by CVD on copper and transferred to
insulating substrates [56].
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Figure 7. Typical four-point-probes (FPP) current-voltage characteristic measured on a square
graphene/AlGaN sample (5 mm x 5 mm side). The insert illustrates the measurement
configuration.

The nanoscale size of the crystalline domains and the large density of grain boundaries in our Gr
obtained by non-catalytic CVD is certainly responsible for the higher sheet resistance as compared to the
one of polycrystalline Gr membranes grown on copper, with reported domain sizes ranging from tens of
micrometers to millimeters depending on the growth conditions [57]. However, in addition to its
nanostructure, also mesoscopic scale inhomogeneities of the electrical properties (related to Gr thickness
variations, wrinkles, and to the AlGaN roughness) can have an important impact on the overall sheet
resistance of the Gr film. To this purpose, high resolution electrical characterization of Gr onto AlGaN
was carried out by the C-AFM technique [58] using a conductive Pt tip as schematically depicted in
Fig.8(a). In this configuration, the current flows laterally from the nanoscale tip/Gr contact inside the Gr
layer, and it is finally collected by the large area contact deposited on Gr. Fig.8(b) and (c) show a typical
morphological image and a current map of Gr surface on a 5 umx5 pm scan area. The morphological
image exhibits a roughness mainly associated to the AlGaN surface, overlapped with the wrinkles of the
Gr membrane and some isolated carbon clusters. The current map shows lateral variations in the electrical
properties of deposited Gr, which are partially correlated with the topographic features. The measured
current values are mainly determined by the series combination, i.e. the sum, of the tip/Gr contact
resistance and of the spreading resistance from the nano-contact to the Gr membrane [59]. Both
contributions are related to the local carrier density in the Gr region underneath the tip. In particular, a
locally reduced carrier density results in an increased tip/Gr contact resistance, as well as in a locally
higher Gr resistivity, i.e. a higher spreading resistance [60]. Recent ab-initio simulation studies of the Gr
interface with the AIN or aluminum oxide surface have demonstrated strong effects on Gr doping due to
charge transfer phenomena [61]. The local changes in the Gr carrier density observed in the present case
can be ascribed to local compositional variations in the near surface oxidized AlGaN region (as observed
by STEM/EELS). Furthermore, a reduced Gr doping is expected in the wrinkle regions, due to the

reduced charge transfer from the substrate in these corrugations of the Gr membrane [24].
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Figure 8. (a) Schematic of the experimental setup for C-AFM measurements on CVD grown graphene
on AlGaN. Representative morphology (b) and current map (c¢) measured on the graphene surface by
applying a tip bias of 100 mV.

5. Conclusions

In conclusion, we reported a detailed investigation of the morphological, chemical and electrical
properties of few layers of Gr directly grown by CVD on Al-rich AlxGa;xN templates on sapphire. A
preliminary assessment of the thermal stability of the AlGaN morphology in the temperature range from
1250 to 1450 °C (under N> ambient) revealed a similar behavior for AlxGaixN templates with x=0.65
and 0.5 mole fractions. Uniform and conformal coverage of the AlGaN surface was achieved by N»/C;Hs
CVD at a temperature of 1350 °C, after optimization of the Cs;Hs flow rate. Interestingly, the Gr
deposition was also found to prevent morphological degradation of the AlIGaN morphology. However,
Ga loss and partial oxidation of Al in the near-surface (~2 nm thick) AlGaN region was evidenced by
XPS and cross-sectional STEM/EELS analyses. Raman spectra indicated that the deposited Gr
membrane is nanocrystalline (with lateral domain size ~7 nm) and compressively strained, consistently
with the results of STEM/EELS analyses demonstrating the presence of a bilayer of Gr with partial
sp*/sp* hybridization on top of AlGaN. Due to its nanocrystalline nature, the CVD grown Gr exhibits a
sheet resistance of ~15.8 k€2/sq, as determined by macroscopic FPP measurements. Furthermore, local
variations of the Gr carrier density were revealed by nanoscale resolution C-AFM analyses, probably
associated to changes in the charge transfer from the substrate due to local oxidation of AlGaN or to the

presence of Gr wrinkles.

The demonstrated catalyst free CVD deposition of Gr onto Al-rich AlIGaN templates on sapphire

represents an important advancement towards the exploitation of Gr/Nitride semiconductor hybrid



systems. This process can be extended to AlGaN layers grown on other technologically relevant
substrates, such as silicon carbide. Although the relatively high process temperature poses some
constraints for devices integration (i.e. Gr deposition must be performed as a first step of the fabrication
flow), direct CVD growth of Gr presents huge advantages with respect to transfer methods in terms of

scalability for future industrial applications.

Acknowledgments

We acknowledge P. Prystawko, P. Kruszewski, and M. Leszczynski (TopGaN, Warsaw, Poland), I.
Deretzis, A. La Magna, P. Fiorenza and R. Lo Nigro (CNR-IMM, Catania, Italy), F. M. Gelardi
(University of Palermo) for useful discussions. S. Di Franco (CNR-IMM, Catania) is acknowledged for
the expert technical support in samples preparation. This work has been funded, in part, by MIUR in the
framework of the FlagERA-JTC 2015 project “GraNite” (MIUR Grant No. 0001411), by the FlagERA-
JTC 2019 project “ETMOS”, by the National Project PON EleGaNTe (ARS01_01007). CNR researchers
thank the Italian Infrastructural project Beyond Nano Upgrade. CNRS researchers thank the French
technology facility network RENATECH and the “Investissements d’ Avenir” program ANR-11-LABX-
0014.

References

1. Jariwala D, Marks T J, Hersam M C 2017 Mixed-dimensional van der Waals heterostructures Nature
Materials 16, 170-181.

2. Neumaier D, Pindl S, Lemme M C 2019 Integrating graphene into semiconductor fabrication lines
Nature Materials 18, 520-529.

3. Giannazzo F, Greco G, Roccaforte F, Sonde S S 2018 Vertical Transistors Based on 2D Materials:
Status and Prospects Crystals 8, 70.

4. Ruhl G, Wittmann S, Koenig M, Neumaier D 2017 The integration of graphene into microelectronic
devices Beilstein J Nanotechnol. 8, 1056—-1064.

5. Tseng W S, Chen Y C, Hsu C C, Lu C H, Wu C I, Yeh N C 2020 Direct large-area growth of
graphene on silicon for potential ultra-low-friction applications and silicon-based technologies

Nanotechnology 31, 335602.



10.

11.

12.

13.

14.

15.

16.

Wang W, Liu K, Jiang J, Du R, Sun L, Chen W, Lu J, Ni Z 2020 Ultrasensitive graphene-Si position-
sensitive detector for motion tracking InfoMat 2, 761-768.

Giannazzo F, Schiliro E, Lo Nigro R, Prystawko P, Cordier Y 2020 Integration of 2D Materials with
Nitrides for Novel Electronic and Optoelectronic Applications.  Chapter 11 of “Nitride
Semiconductor Technology: Power Electronics and Optoelectronic Devices”, Editors Roccaforte F,
Leszczynski M, WILEY-VCH Verlag, Weinheim, Germany, pp. 397-438.

Fisichella G, Greco G, Roccaforte F, Giannazzo F 2014 Current transport in graphene/AlGaN/GaN

vertical heterostructures probed at nanoscale Nanoscale 6, 8671-8680.

Giannazzo F, Fisichella G, Greco G, La Magna A, Roccaforte F, Pecz B, Yakimova R, Dagher R,
Michon A, Cordier Y 2017 Graphene integration with nitride semiconductors for high power and

high frequency electronics Phys. Status Solidi A 214, 1600460.

Zubair A, Nourbakhsh A, Hong J-Y, Qi M, Song Y, Jena D, Kong J, Dresselhaus M, Palacios T
2017 Hot Electron Transistor with van der Waals Base-Collector Heterojunction and High-
Performance GaN Emitter Nano Lett. 17, 3089—3096.

Mayorov A S; Gorbachev R V, Morozov S V, Britnell L, Jalil R, Ponomarenko L A, Blake P,
Novoselov K S, Watanabe K, Taniguchi T, Geim A K 2011 Micrometer-scale ballistic transport in
encapsulated graphene at room temperature Nano Lett. 11,2396—2399.

Bolotin K I, Sikes K J, Hone J H, Stormer L, Kim P 2008 Temperature-Dependent Transport in
Suspended Graphene Phys. Rev. Lett. 101, 096802.

Sonde S, Giannazzo F, Vecchio C, Yakimova R, Rimini E, Raineri V 2010 Role of
graphene/substrate interface on the local transport properties of the two-dimensional electron gas

Appl. Phys. Lett. 97, 132101.

Giannazzo F, Sonde S, Lo Nigro R, Rimini E, Raineri V 2011 Mapping the Density of Scattering
Centers Limiting the Electron Mean Free Path in Graphene Nano Lett. 11,4612-4618.

Nair R R, Blake P, Grigorenko A N, Novoselov K S, Booth T J, Stauber T, Peres N M R, Geim A
K 2008 Fine structure constant defines transparency of graphene Science 320, 1308—1308.
Bonaccorso F, Sun Z, Hasan T, Ferrari A C 2010 Graphene photonics and optoelectronics Nature

Photonics 4, 611-622.



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Wang L, Liu W, Zhang Y, Zhang Z-H, Tan S T, Yi X, Wang G, Sun X, Zhu H, Demir H V 2015
Graphene-based transparent conductive electrodes for GaN-based light emitting diodes: Challenges
and countermeasures Nano Energy 12, 419-436.

Chandramohan S, Kang J H, Ryu B D, Yang J H, Kim S, Kim H, Park J B, Kim T Y, Jin Cho B,
Suh E-K, Hong C-H 2013 Impact of Interlayer Processing Conditions on the Performance of GaN
Light-Emitting Diode with Specific NiOy/Graphene Electrode ACS Appl. Mater. Interfaces 5, 958—
964.

Wang L, Zhang Y, Li X, Guo E, Liu Z, Yi X, Zhu H, Wang G 2013 Improved transport properties
of graphene/GaN junctions in GaN-based vertical light emitting diodes by acid doping RSC Adv. 3,
3359.

Jo G, Choe M, Cho C-Y, Kim J H, Park W, Lee S, Hong W-K, Kim T-W, Park S-J, Hong B H,
Kahng Y H, Lee T 2010 Large-scale patterned multi-layer graphene films as transparent conducting
electrodes for GaN light-emitting diodes Nanotechnology 21, 175201.

Balandin A A 2011 Thermal properties of graphene and nanostructured carbon materials Nature
Materials 10, 569-581.

Yan Z, Liu G, Khan J] M, Balandin A A 2012 Graphene quilts for thermal management of high-
power GaN transistors Nature Commun. 3, 827.

Han N, Cuong T V, Han M, Ryu B D, Chandramohan S, Park J B, Kang J H, Park Y-J, Ko K B,
Kim H Y, Kim H K, Hyoung Ryu J, Katharria Y S, Choi C-J, Hong C-H 2013 Improved heat
dissipation in gallium nitride light-emitting diodes with embedded graphene oxide pattern Nature
Commun. 4, 1452.

Giannazzo F, Greco G, Schiliro E, Lo Nigro R, Deretzis I, La Magna A, Roccaforte F, Iucolano F,
Ravesi S, Frayssinet E, Michon A, Cordier Y 2019 High-Performance Graphene/AlGaN/GaN
Schottky Junctions for Hot Electron Transistors ACS Appl. Electron. Mater. 1,2342—2354.
Giannazzo F, Greco G, Roccaforte F, Dagher R, Michon A, Cordier Y 2019 Hot Electron Transistors
with Graphene Base for THz Electronics. Chapter 5 of “Low Power Semiconductor Devices and
Processes for Emerging Applications in Communications, Computing, and Sensing”, Editor Walia
S, CRC Press Taylor & Francis, pp. 95-115.

Chen Z, Zhang X, Dou Z, Wei T, Liu Z, Q1 Y, CiH, Wang Y, Li Y, Chang H, Yan J, Yang S, Zhang
Y, Wang J, Gao P, Li J, Liu Z 2018 High-Brightness Blue Light-Emitting Diodes Enabled by a
Directly Grown Graphene Buffer Layer Adv. Mater. 30, 1801608.



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Journot T, Okuno H, Mollard N, Michon A, Dagher R, Gergaud P, Dijon J, Kolobov A V, Hyot B
2019 Remote epitaxy using graphene enables growth of stress-free GaN Nanotechnology 30,
505603.

Araki T, Uchimura S, Sakaguchi J, Nanishi Y, Fujishima T, Hsu A, Kim K K, Palacios T, Pesquera
A, Centeno A, Zurutuza A 2014 Radio-frequency plasma-excited molecular beam epitaxy growth of
GaN on graphene/Si(100) substrates Applied Physics Express 7, 071001.

Reina A, Jia X, Ho J, Nezich D, Son H, Bulovic V, Dresselhaus M S, Kong J 2009 Large Area Few-
Layer Graphene Films on Arbitrary Substrates by Chemical vapor deposition Nano Lett. 9, 30.

Li X, Cai W, An J, Kim S, Nah J, Yang D, Piner R, Velamakanni A, Jung I, Tutuc E, Banerjee S K,
Colombo L, Ruoff R S 2009 Large-area synthesis of high-quality and uniform graphene films on
copper foils Science 324, 1312—-1314.

Chu C M, Woon W Y 2020 Growth of twisted bilayer graphene through two-stage chemical vapor
deposition Nanotechnology 31, 435603.

Fazi A, Nylander A, Zehri A, Sun J, Malmberg P, Ye L, Liu J, Fu Y 2020 Multiple growth of
graphene from a pre-dissolved carbon source Nanotechnology 31, 345601.

Fisichella G, Di Franco S, Roccaforte F, Ravesi S, Giannazzo F 2014 Microscopic mechanisms of

graphene electrolytic delamination from metal substrates Appl. Phys. Lett. 104, 233105.

Bae S, Kim H, Lee Y, Xu X, Park J-S, Zheng Y, Balakrishnan J, Lei T, Ri Kim H, Song Y I, Kim
Y-J, Kim K S, Ozyilmaz B, Ahn J-H, Hong B H, Ijjima S 2010 Roll-to-roll production of 30-inch
graphene films for transparent electrodes Nature Nanotech. 5, 574-578.

Lupina G, Kitzmann J, Costina I, Lukosius M, Wenger C, Wolff A, Vaziri S, Ostling M, Pasternak
I, Krajewska A, Strupinski W, Kataria S, Gahoi A, Lemme M C, Ruhl G, Zoth G, Luxenhofer O,
Mehr W 2015 Residual Metallic Contamination of Transferred Chemical Vapor Deposited Graphene
ACS Nano 9, 4776-4785.

Giannazzo F, Fisichella G, Greco G, Schiliro E, Deretzis I, Lo Nigro R, La Magna A, Roccaforte F,
Iucolano F, Lo Verso S, Ravesi S, Prystawko P, Kruszewski P, Leszczynski M, Dagher R, Frayssinet
E, Michon A, Cordier Y 2018 Fabrication and Characterization of Graphene Heterostructures with
Nitride Semiconductors for High Frequency Vertical Transistors Phys. Status Solidi A 215, 1700653.
Koleske D D, Wickenden A E, Henry R L, Culbertson J C, Twigg M E 2001 GaN decomposition in
Hz and N> at MOVPE temperatures and pressures Journal of Crystal Growth 223, 466-483.

Sun J, Cole M T, Ahmad S A, Backe O, Ive T, Loffle M, Lindvall N, Olsson E, Teo K B K, Liu J,
Larsson A, Yurgens A, Haglund A 2012 Direct Chemical Vapor Deposition of Large-Area Carbon



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Thin Films on Gallium Nitride for Transparent Electrodes: A First Attempt. /[EEE Trans. Semicond.
Manuf. 25, 494.

Kim Y S, Joo K, Jerng S-K, Lee J H, Moon D, Kim J, Yoon E, Chun S-H 2014 Direct Integration
of Polycrystalline Graphene into Light Emitting Diodes by Plasma-Assisted Metal-Catalyst-Free

Synthesis ACS Nano 8, 2230.

Miyake H, Nishio G, Suzuki S, Hiramatsu K, Fukuyama H, Kaur J, Kuwano N 2016 Annealing of
an AIN buffer layer in N>—CO for growth of a high-quality AIN film on sapphire Appl. Phys. Expr.
9, 025501.

Michon A, Tiberj A, Vézian S, Roudon E, Lefebvre D, Portail M, Zielinski M, Chassagne T,
Camassel J, Cordier Y 2014 Graphene growth on AIN templates on silicon using propane-hydrogen
chemical vapor deposition Appl. Phys. Lett. 104, 071912.

Dagher R, Matta S, Parret R, Paillet M, Jouault B, Nguyen L, Portail M, Zielinski M, Chassagne T,
Tanaka S, Brault J, Cordier Y, Michon A 2017 High temperature annealing and CVD growth of few-
layer graphene on bulk AIN and AIN templates Phys. Status Solidi A 214, 1600436.

Matta S, Brault J, Ngo T H, Damilano B, Korytov M, Vennégues P, Nemoz M, Massies J, Leroux
M, Gil B 2017 Influence of the heterostructure design on the optical properties of GaN and
Alo.1Gag 9N quantum dots for ultraviolet emission J. Appl. Phys. 122, 085706.

Brault J, Damilano B, Kahouli A, Chenot S, Leroux M, Vinter B, Massies J 2013 Ultra-violet
GaN/AlosGao sN quantum dot based light emitting diodes J. Cryst. Growth. 363, 282-286.

Duboz J-Y, Grandjean N, Omne¢s F, Reverchon J-L, Mosca M 2005 Solar blind detectors based on
AlGaN grown on sapphire Phys. Status Solidi C 2, 964-971.

Krivanek O L, Dellby N, Murfitt M F, Chisholm M F, Pennycook T J, Suenaga K, Nicolosi V 2010
Gentle STEM: ADF imaging and EELS at low primary energies Ultramicroscopy 110, 935.

Brault J, Rosales D, Damilano B, Leroux M, Courville A, Korytov M, Chenot S, Vennégues P,
Vinter B, DeMierry P, Kahouli A, Massies J, Bretagnon T, Gil B 2014 Polar and semipolar
GaN/Al.5sGao sN nanostructures for UV light emitters Semicond. Sci. Technol. 29, 084001.
Compagnini G, Giannazzo F, Sonde S, Raineri V, Rimini E 2009 Ion irradiation and defect formation
in single layer graphene Carbon 47, 3201.

Lee J E, Ahn G, Shim J, Lee Y S, Ryu S 2012 Optical Separation of Mechanical Strain from Charge
Doping in Graphene Nature Communications 3, 1024.

Deng S, Berry V 2016 Wrinkled, rippled and crumpled graphene: an overview of formation

mechanism, electronic properties, and applications Materials Today 19, 197-212.



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Zhu M, Chen P, Fu RK 'Y, Liu W, Lin C, Chu P K 2005 AIN thin films fabricated by ultra-high
vacuum electron-beam evaporation with ammonia for silicon-on-insulator application Appl. Surf.
Sci. 239, 327-334.

Strohmeier B R 1995 Characterization of an Activated Alumina Claus Catalyst by XPS Surf. Sci.
Spectra 3, 141-146.

Nicotra G, Ramasse Q M, Deretzis I, La Magna A, Spinella C, Giannazzo F 2013 Delaminated
Graphene at Silicon Carbide Facets: Atomic Scale Imaging and Spectroscopy ACS Nano 7, 3045—
3052.

Prystawko P, Giannazzo F, Krysko M, Smalc-Koziorowska J, Schiliro E, Greco G, Roccaforte F
2019 Leszczynski M, Growth and characterization of thin Al-rich AlGaN on bulk GaN as an emitter-
base barrier for hot electron transistor Materials Science in Semiconductor Processing 93, 153—157.
Sun J, Lindvall N, Cole M T, Wang T, Booth T J, Beggild P, Teo K B K, Liu J, Yurgens A 2012
Controllable chemical vapor deposition of large area uniform nanocrystalline graphene directly on
silicon dioxide J. Appl. Phys. 111, 044103.

Li X, Zhu Y, Cai W, Borysiak M, Han B, Chen D, Piner R D, Colombo L, Ruoff R S 2009 Transfer
of Large-Area Graphene Films for High-Performance Transparent Conductive Electrodes Nano Lett.
9,4359-4363.

Li X, Magnuson C W, Venugopal A, Tromp R M, Hannon J B, Vogel E M, Colombo L, RuoffR S
2011 Large-Area Graphene Single Crystals Grown by Low-Pressure Chemical Vapor Deposition of
Methane on Copper J. Am. Chem. Soc. 133, 2816-2819.

Lanza M 2017 Conductive Atomic Force Microscopy: Applications in Nanomaterials, Wiley-VCH

Verlag, Weinheim, Germany.

Giannazzo F, Fisichella G, Greco G, Fiorenza P, Roccaforte F 2017 Conductive Atomic Force
Microscopy of Two-Dimensional Electron Systems: From AlGaN/GaN Heterostructures to
Graphene and MoS;. Chapter 7 of “Conductive Atomic Force Microscopy: Applications in
Nanomaterials”, Editor Lanza M, WILEY-VCH Verlag, Weinheim, Germany, pp. 163—186.

Giannazzo F, Greco G, Roccaforte F, Mahata C, Lanza M 2019 Conductive AFM of 2D Materials
and Heterostructures for Nanoelectronics. Chapter 10 of “Electrical Atomic Force Microscopy for

Nanoelectronics”, Editor Celano U, Springer, Berlin, Germany, pp. 303—-350.



61. Sciuto A, La Magna A, Angilella G G N, Pucci R, Greco G, Roccaforte F, Giannazzo F, Deretzis I
2020 Extensive Fermi level Engineering for Graphene Through the Interaction with Aluminum

Nitrides and Oxides Phys. Status Solidi RRL 14, 1900399.



