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Introduction

Quality of graphene on sapphire: long-range order
from helium diffraction versus lattice defects from
Raman spectroscopy

Gloria Anemone,? Esteban Climent-Pascual,” Hak Ki Yu,*® Amjad Al Taleb,?
Felix Jiménez-Villacorta,® Carlos Prieto,” Alec M. Wodtke,*® Alicia De Andrés®
and Daniel Farias*2¢f

We report a new method to produce high-quality, transparent graphene/sapphire samples, using Cu as
a catalyst. The starting point is a high-quality graphene layer prepared by CVD on Cu(111)/Al,Os.
Graphene on sapphire is obtained in situ by evaporation of the Cu film in UHV. He-diffraction, atomic
force microscopy (AFM), Raman spectroscopy and optical transmission have been used to assess the
quality of graphene in a metal free area. We used helium atom scattering as a sensitive probe of the
crystallinity of the graphene on sapphire. The observation of high reflectivity and clear diffraction peaks
demonstrates the presence of flat and homogeneous graphene domains over lateral scales of microns,
consistent with the AFM results. Surprisingly, putting graphene on sapphire improves the quality of the
He-diffraction spectra. Graphene forms a moiré pattern with a (11 x 11) periodicity, aligned with the (1 x
1) sapphire unit cell. The lattice constant of graphene on sapphire is @ = (2.44 + 0.02) A. The phonon
dispersion of the graphene flexural mode has been measured. This allowed the determination of the
bending rigidity k = 0.61 + 0.15 eV, and the graphene—sapphire coupling strength g = (5.8 + 0.4) x 10%°
N m~3. The uniformity of the graphene has also been investigated by Raman mapping. Judging by the
ratio of the 2D to G peaks, the quality of the graphene is not degraded by Cu removal. The high
transparency (80%) measured in the visible range makes this system suitable for many applications that
require hybrid properties commonly associated with metals (conductivity) and insulators (transparency).
Our study shows that He-diffraction and Raman provide crucial information on quite different,
complementary aspects of the same samples.

samples may provide a possible alternative to these materials
for many applications. However, most of the available methods

Presently, great effort is being expended to find a suitable
replacement for the industry standard transparent conductors
in use. This effort is motivated by the fact that these materials
require scarce metals (like in indium tin oxide, ITO), perform
poorly on flexible substrates and require expensive vacuum
deposition techniques."” Reducing the cost of transparent
conductors, moving away from elements that are expensive and/
or in short supply, is crucial for the future.** Graphene/sapphire
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for controlled and scalable preparation of graphene (Gr) on
metallic substrates cannot be easily extended to grow Gr on
sapphire. The standard method to obtain Gr is by chemical
vapor deposition (CVD) on metallic foils, mostly copper and
nickel, which serve as catalysts for the dissociation of the
precursor gas (typically methane or ethylene) to form the Gr
layer. An important drawback is the necessity to eliminate the
metallic foil before transferring the Gr layer to substrates
adequate for its implementation in devices, in general either
transparent substrates or silicon. The metal elimination is
performed by using acids, which leads to the appearance of
residues in the Gr layer. So far, most of the methods reported
have not produced Gr layers of quality comparable to that ob-
tained for instance on Cu.>” Typically, the Raman D-peak
(related to the presence of defects) is larger than the G-peak,
indicating small grain size (~15 nm). For Gr on sapphire,
a few methods have been reported in which the Raman D-peak
was significantly reduced; these methods are either based on
the high-temperature (1500-1600 °C) decomposition of the
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precursor gas without using a metal catalyst'>** or by direct CVD
growth on dielectric surfaces by simultaneously dewetting the
Cu film.* Even though some of these samples exhibit excellent
performances, like a room-temperature Hall mobility of 2.000
em® V' 5711 it is interesting to explore alternative ways of
producing similar samples.

Here we report a new method to produce high quality,
transparent Gr/sapphire samples in UHV. The starting point is
a high-quality Gr layer prepared by CVD using Cu as a catalyst."®
The samples are then transferred to UHV, where the Cu film is
evaporated. The samples have been characterized by helium
atom scattering (HAS), Raman spectroscopy and atomic force
microscopy (AFM). HAS is an established means of investigating
the structure and dynamics of insulating as well as conducting
surfaces in a completely nondestructive manner.'* HAS
diffraction provides direct information on surface crystallinity,
and HAS specular scattering is highly sensitive to surface flat-
ness and defect density.” Since He beams are typically 1 mm in
size, the method provides information over a macroscopic
region. Therefore, HAS is an excellent complement to Raman
spectroscopy, which provides information on the quality of the
Gr layer over length scales of 1 pm. HAS has been already used
to characterize Gr grown on several metal substrates.*™ Our
current study reports the first systematic comparison of HAS
with Raman results.

Our study shows that the observation of clear He-diffraction
features, which points to the existence of large Gr domains over
a macroscopic region (of the order of a few microns), may be
consistent with the simultaneous observation of large Raman D-
peaks arising from regions on the surface not large enough to
produce diffraction peaks. Finally, our approach presents
several advantages with respect to previous reported methods,
like a high transparency (80%) in the visible range, a short
preparation time (30 minutes) and the use of a moderate
preparation temperature (~900 °C). Finally, our method has the
great advantage of being performed in UHYV, leaving the Gr
surface free of contaminants.

Experimental
Sample preparation

The starting point is a high-quality Gr layer prepared by CVD on
Cu(111) grown on a-Al,03(0001) (c-plane sapphire). The growth
of Cu film on c-plane sapphire was achieved by using the elec-
tron beam evaporation method, as reported in our previous
study,"® except for the total thickness (1000 nm) and growth rate
(0.3 nm s ). Different initial thicknesses of Cu(111) films have
been used for Gr growth in order to improve the quality of the
Gr layer and the elimination of Cu without Gr film deteriora-
tion. The best results have been obtained with a 1000 nm thick
Cu film. For comparison, results corresponding to a sample
with a lower thickness (500 nm) are summarized in the ESL}
The samples were prepared by CVD in Goettingen™ and then
transported to Madrid to complete the preparation in a UHV
chamber with base pressure in the low 107'° mbar range;
typically, the samples were exposed to ambient conditions for
one week before being introduced into the UHV scattering
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chamber for He diffraction. Once in UHV, the samples were
annealed at 800 K with 2 x 10~ mbar of C,H,. This treatment
leads to a significant improvement in surface quality, as indi-
cated by the increase of the He-specular intensity.”* Graphene
on sapphire has been obtained in situ by evaporation of the Cu
film in UHV, heating the samples at 1150 K for 30 min. The
sample temperature was measured with a type-C thermocouple
spot-welded to the sample holder. The sample preparation steps
are schematically illustrated in Fig. 1.

Results and discussion
Helium atom scattering

The angular distributions presented in this work were
measured after aligning the sample along the I'M direction of
the dominant Gr orientation (80%), which corresponds to the
[211] direction of the Cu(111) underneath. The remaining 20%
of the sample is covered by domains rotated 30° with respect to
the [211] direction.?® In the following, after discussing the
shapes of specular peaks we analyze the structures corre-
sponding to the measured diffraction peaks.

Fig. 2a shows a comparison of angular distributions of He
atoms scattered from Gr/Cu/Al,0; (red) and Gr/Al,O; (black).
The high specular reflectivity and the presence of diffraction
peaks demonstrate the existence of a well-ordered Gr layer, with
a low density of defects, over areas of the order of the beam size
(ca. 1 mm). However, the width of the specular peak of Gr/Al, O3
FWHM = 0.14°, which corresponds roughly to the angular
resolution of the HAS machine, is lower than that of Gr/Cu/
Al,O; FWHM = 0.56°. The width of the specular peak depends
on the quality of the surface and gives information about the
domain size w through the relationship FWHM 1/w.>* There-
fore, the above comparison can lead to the counterintuitive
interpretation that the Gr layer exhibits larger domains after the
copper removal. However, this is not the case as we find by
comparing the surfaces of Al,O; and Cu/Al,O;. The latter has
been obtained by removing the Gr layer in Gr/Cu/Al,O; through
Ar" sputtering, followed by annealing at 940 K. The corre-
sponding angular distributions are shown in the ESI (Fig. SI11).
Further heating at 1150 K for 30 min led to obtaining the clean
Al,O; surface. The obtained peak widths are FWHM = 0.56° and
0.27° for Cu/Al,0; and Al,O3, respectively. This clearly shows
that the FWHM of the Gr covered surface is determined mainly
by the substrate underneath. The width of the specular peaks of
Gr/Cu/Al,0; and Cu/Al,O; are almost identical. A possible
explanation is that the Cu film is terminated by a corrugated
surface, which may induce an additional broadening of the
specular peak.

On the other hand, a comparison of HAS angular distribu-
tions from Al,O; and Gr/Al,O; (Fig. 2b) shows a decrease of the
FWHM by 50% in the Gr covered surface, which points to the
formation of larger domains. The inset in Fig. 2b shows the
normalized specular peaks in a linear scale, where a quasi-
triangular background appears around the specular peaks and
is especially pronounced in the Al,O; spectrum. Previous HAS
studies have shown that the presence of a triangular back-
ground in the vicinity of the specular peak is the signature of

This journal is © The Royal Society of Chemistry 2016
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Fig.1 Schematic procedure for the Gr growth on sapphire. (a) Copper is deposited on c-plane (0001) sapphire by electron beam evaporation. (b)
Graphene growth on copper by CVD. (c) Afterexposure to ambient conditions, the sample was introduced into the He-scattering UHV chamber.
(d) After heating up in UHV, Cu evaporates, leaving a Gr layer deposited on the sapphire substrate.

a random distribution of defects.”® Similar conclusions have
been obtained in a more recent study reported by Manson
et al.”® Therefore, we conclude that scattering from point defects
dominates in both surfaces, although to a lesser degree in the
Gr covered surface. These observations suggest that the Gr layer
covers like a carpet the rough and flat sapphire substrate,
hiding a portion of the single defects and softening the
roughness of the step edges. Even though the Gr layer certainly
contains many defects, our data suggest that the Gr/Al,O; layer
exhibits a reduced number of defects, leading to an average
domain size larger than that of clean Al,O;. Since the FWHM
observed for Gr/Al,O; is limited by the resolution of our system,
we can conclude that the average domain size is at least one
order of magnitude larger than the transfer width of our system
(200 nm). The coherence length for the Al,O; surface, which is
of the same order of the size** of the terraces is ~40 nm. The
measured absolute reflectivity of He atoms from Gr/Al, O3 is 5%
at the incident conditions used in Fig. 2b. This high reflectivity
combined with the narrow specular peak observed suggests that
these samples are excellent candidates to be used as a focussing
mirror in scanning He atom microscopy.”’

The different diffraction peaks in the angular distributions
of Fig. 2 correspond to the periodicities of the Gr, sapphire and
multiple moiré superstructures resulting from the mismatch of
the two surfaces. The lattice constant of Gr on sapphire has
been determined from the positions of its first order diffraction
peaks indicated as G(0,1) and G(1,0) in Fig. 2a and b, using the
in-plane Bragg diffraction condition for a hexagonal two-
dimensional structure. The derived value a = (2.44 + 0.02) A
is identical to the one reported for Gr/Cu(111),*° and agrees well
with 2.4612 A, the periodicity of a single carbon layer in
graphite.”® The low intensity of the first order diffraction peaks
points to a low corrugation of the Gr/Al,O; surface. Well-
resolved and intense first order diffraction peaks are present
in the blue spectrum in Fig. 2b of the Al,O; substrate, denoted
by Al,05(10) and Al,05(10), appear at the positions expected for
the shortest hexagonal lattice length of sapphire (Al-Al
distance), a = 2.74 A. As far as we know, this is the first He-
diffraction spectrum reported from a clean sapphire surface.

The He-diffraction spectrum measured from the Gr/Al,O;
surface exhibits a more complex structure, due to the moiré

This journal is © The Royal Society of Chemistry 2016

reconstruction. The (10) diffraction peak of the atomic lattice of
Gr (denoted by Gr(1,0)) is observed at 23° away from the spec-
ular peak (0,0). However, the existence of other diffraction
peaks, due to the moiré superstructure, is clearly detected along
the whole diffraction pattern. The angular positions of the
diffraction peaks from the Gr moiré lattice are in good agree-
ment with expected values for a hexagonal structure with
a periodicity of 30 A. In particular, the third, the sixth and the
eleventh order diffraction of the moiré pattern (labelled m(3,0),
m(6,0) and m(11,0)) are clearly observed in the black spectrum
in Fig. 2b. A comparison of the angular positions of diffraction
peaks of Gr/Al,O; and clean Al,O; surfaces shows that the high-
intensity sharp peak m(11,0) matches exactly the position of the
peak (1,0) of sapphire. Thus, we can conclude that the moiré
pattern corresponds to a (11 x 11) periodicity aligned with the
(1 x 1) sapphire unit cell. This is schematically shown in
Fig. 3b. The moiré structure has been investigated by varying
the azimuthal orientation of the sample. Fig. 3a shows several
He-diffraction angular distributions. Each spectrum has been
recorded after a small azimuthal rotation of the sample with
respect to an axis lying in the incident plane. The black curve is
the same as that shown in Fig. 2 and is denoted as 0°. Rotating
the sample we can see how different peaks from the moiré
pattern are detected. In the red curve, rotated by 0.5°, the peak
m(11,0) disappears, whereas the m(9,0) and the m(10,0)
diffraction peaks are clearly resolved. With a further rotation of
0.5° (denoted as 1°, blue curve), the measured spectrum exhibits
weaker but still clear peaks for different order of diffraction
(m(8,0), m(4,0) and m(2,0)). For a rotation of 1.5° (magenta
curve) the peaks m(4,0) and m(2,0) are still observed, but the
m(8,0) peak is not present. The green curve has been recorded
for an azimuthal rotation of ~30°. The position of the detected
diffraction peaks fits the diffraction pattern produced by a Gr
layer rotated by 30° with respect to the (1 x 1) sapphire unit cell,
which corresponds to a (v/3 x 1/3)R30° structure. The presence
of shadows of the m(1,0) and m(2,0) peaks in this spectrum is
due to small misalignment of the tilt angle which appears for
different azimuthal orientations.

The diffraction patterns from the moiré superstructure
indicate that the Gr/sapphire system keeps the same domain
ratio (80% along the main direction, and 20% rotated 30° with

RSC Adv., 2016, 6, 21235-21245 | 21237
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Fig.2 (a) Angular distributions of He atoms scattered from Gr/Cu/Al,Os3 (red spectrum) and Gr/AlL,Oz (black spectrum) along TM. (b) Comparison

of He diffraction spectra from Gr/Al,Os (black) and clean Al,Os (blue). Th

e sample temperature is 90 K, and the He-incident energy is E; = 19.8

meV (the small shift in the position of first order peaks is a result of quite small differences in the He beam energy). The inset on the right side
shows a detailed view of the profile of the specular peaks. The diffraction peaks of the moiré superstructure are labelled as “m(n,0)".

respect to this direction) present in the starting system, Gr/Cu/
Al,O;. We have also recorded He-diffraction spectra for inter-
mediate azimuthal rotations, and no evidence of additional
periodicities has been detected. It is interesting to compare our
data with the results reported by Hwang et al.*® These authors
have grown Gr on ¢-plane (0001) sapphire directly without metal

21238 | RSC Adv., 2016, 6, 21235-21245

catalysis and concluded, based on detailed spatial electron
diffraction measurements and DFT calculations, that Gr on
sapphire grows forming a single dominant crystal orientation
for around 80% of the material. In their work, however, the
orientation is determined at an early stage of the nucleation
during the growth process, and therefore multiple rotational

This journal is © The Royal Society of Chemistry 2016
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(a) Angular distribution of He scattering from Gr/Al,Os as a function of azimuthal rotation. The inset shows the directions on the moiré

reciprocal lattice and the first order diffraction of the sapphire (blue hexagon) and (v/3 x v/3)R30° (red hexagon) structures. (b) Proposed model

for the moiré (11 x 11) structure, which is obtained by superimposin

g (12 x 12) Gr honeycombs on top of (11 x 11) sapphire unit cells. The

primitive vectors of the moiré (a;, and a,) and sapphire unit cells (a; and a;) are also shown.

domains with respect to the substrate are obtained. The prep-
aration method described in our current work, on the other
hand, could in principle lead to the formation of only one
rotational domain if the starting point, i.e. Gr/Cu/Al,0;, was
formed by only one domain.

Hwang et al. also performed DFT calculations (including the
van der Waals interaction) for commensurate cells with orien-
tations of 0°, 11° and 22° with respect to the sapphire.’® From
the similarity of the binding energy obtained for all three
commensurate cells it has been concluded that the dispersion
interaction depends weakly on the orientation of the Gr layer on
the sapphire surface. The unit cells rotated by 11° and 22° with
respect to the sapphire correspond actually to moiré patterns

This journal is © The Royal Society of Chemistry 2016

with a periodicity smaller than (11 x 11), and are therefore not
consistent with our HAS data. However, our data provide
evidence for the presence of the cell with orientation of 0°,
which corresponds to the above mentioned (v/3 x v/3)R30°
structure.

Phonon dispersion

Several series of time-of-flight (TOF) spectra have been taken
under different incident conditions, in order to get the phonon
dispersion curves. A representative series of TOF data is shown
in Fig. S12.1 Fig. 4 shows the phonon dispersion curves for Gr on
sapphire measured along the T'M direction. Phonon dispersion

RSC Adv., 2016, 6, 21235-21245 | 21239
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Fig. 4 Experimentally derived surface phonons for Gr on sapphire
measured along the I'M direction shown with DFT calculations for free
standing Gr?® (dashed curves). Error bars are shown for some data
points. Red curve is a fit to the data — see text.

curves for free standing Gr calculated from first principles® are
also shown as dashed lines. No data points were detected for the
in-plane longitudinal acoustic (LA) and transverse acoustic (TA)
modes. The TA mode is usually forbidden in HAS measure-
ments for planar scattering in the TM direction due to
symmetry as has been shown for Gr/Cu(111),> but this selection
rule is not valid in the presence of defects that break the
translational symmetry.** However, the small energy difference
between the LA and TA mode makes it very hard to resolve them
in the TOF measurements. We therefore could not obtain any
information on these two modes here. The out-of-plane acoustic
(zA) mode, on the other hand, is clearly resolved and as ex-
pected from the broken symmetry introduced by the sapphire
substrate, does not follow a pure acoustic dispersion but has
a frequency wo = 5.8 meV at the I' point. The ZA mode exhibits
a parabolic dispersion, softened with respect to the one ex-
pected for free standing Gr. This softening is related to the
presence of point defects in Gr, as shown below.

The ZA dispersion curve can be used to derive more funda-
mental quantities like the Gr-sapphire coupling strength, g,
and the free standing bending rigidity «.** As mentioned above,
coupling Gr to a substrate will introduce a gap at a frequency w,
at the I' point, and the dispersion relation of the flexural mode
ZA is given by:**?

WP (AK) = /pi AK* + oy, (1)
2D

where p = 7.6 x 10°® g cm 2 is the two-dimensional mass
density of Gr, wy = +/g/p,p and g is the coupling strength
between Gr and substrate.*” Therefore, from a fit to the experi-
mental data using eqn (1) (red curve in Fig. 4) it is possible to
determine both g and x. We obtain g = (5.8 £ 0.4) x 10" Nm*
for the Gr-sapphire interaction. This value is almost identical to
the one reported for Gr-Cu (g = (5.7 & 0.4) x 10"° N m™)
applying the same procedure.*® However, we get k = 0.61 £ 0.15
eV for Gr-sapphire, quite below the value reported for Gr-Cu
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(k = 1.30 & 0.15 eV) and for free standing Gr (k = 1.20-1.61 eV
(ref. 31)). This low value of « reflects the softening of the ZA
mode with respect to the one of free standing Gr, and points to
a lower Young’s modulus of Gr on sapphire. A recent study has
shown that the elastic modulus of Gr decreases with a higher
density of vacancies in the Gr lattice.** Extrapolation of the data
presented in ref. 34 shows that a reduction of the Young’s
modulus by a factor of 2 can be induced by 2% vacancies. Thus,
our results can be interpreted as due to the presence of addi-
tional defects in Gr/sapphire (as compared to Gr/Cu), which
might arise during the sample preparation through Cu evapo-
ration in vacuum.

AFM results

Atomic force microscopy confirms the presence of Gr domains
over lateral scales of microns in the metal-free regions between
Cu microislands (0.5-1 pm height, 0.5-5 um lateral diameter,
based on optical and atomic force microscopy scrutiny) formed
after Cu evaporation. AFM characterization is focused on the
metal-free areas, as shown in Fig. 5. AFM topographic images
show the presence of large Gr-covered areas (a substrate
coverage ranging 55-80% was estimated from the analysis of
several regions of the sample, as illustrated in ESI, Fig. SI31).
Graphene flakes reach 1-3 pm size; actually, it seems that some
Gr flakes of approximately 3 um size suspended on the sapphire
substrate are apparently torn into smaller flakes. By comparison
of this sample with the one with initial thickness of 500 nm Cu
(see Fig. SI4T), we show that the increasing of the thickness
leads to a wider Gr coverage. A profile analysis revealed that the
Gr layers on the sapphire substrate have a height of 6-8 A, in
agreement with the thickness of monolayer Gr,'* showing
randomly oriented wrinkles of 1-4 nm size (see height profiles
in Fig. 5a and b). Actually, root mean-square (rms) roughness of
the Gr layers averaged from randomly selected flakes is 5.3 A,
visibly rougher than the smooth single crystal sapphire
substrate, which exhibits an rms roughness of 2.2 A. An illus-
tration of the rms roughness study is depicted in the ESI file as
Fig. SI5.1 Moreover, residual Cu nanometric grains are observed
at the boundaries of the Gr domains, presenting an average size
of 2-4 nm, as illustrated in the height profiles (Fig. 5a).

The substrate reveals a wavy morphology, attributed to the
presence of terraces (see Fig. 5b) typical of (0001) single crystal
sapphire.’ The height of the steps ranges between 4 and 5 A (i.e.
around ¢/3, where ¢ = 12.99 A is the lattice constant of c-plane
sapphire), and its periodicity ranges between 100-150 nm.
However, an estimation of the coherence length obtained from
the width of the specular HAS peak, that gives an average terrace
size** of 40 nm, is smaller than the terrace periodicity measured
with AFM. This is consistent with the high sensitivity of HAS to
low densities of defects, which leads in average to the detection
of smaller terraces. Moreover, the sample exhibits the peculiar
morphology of the substrate. From the AFM images in the
dynamic mode, the presence of nanometric pits decorating the
sapphire substrate is corroborated, predominantly located at
the Gr flake boundaries, not present in the bare substrate areas
(see Fig. SI6t).

This journal is © The Royal Society of Chemistry 2016
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Fig.5 (a) AFM topographic image of the Gr/sapphire sample (image: 5 um x 5 um, trying to get an appropriate vision of the Gr flake dimensions).
AFM image and height profile analysis reveal discontinuous Gr layers of size up to 3 um, with ~6-8 A height. (b) AFM images of another region
showing zoomed areas representative of the sapphire substrate and Gr/sapphire, with respective height profiles, illustrating the presence of steps
corresponding to the substrate and how Gr accommodates to the substrate surface.
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To gain insight into the possible presence of nanometric
pits, we have carried out an additional AFM experiment in the
contact mode, which in principle would require a lower spring
constant (range 0.1-1 N m™"),*** using a tip adequate for the
dynamic mode with a stronger spring constant (10-100 N m™%).
Such a strong spring constant of the tip eventually removed the
Gr layers, allowing extra topological information and revealing
differences between the bare substrate and the substrate
underneath the Gr flakes. Contact mode images (Fig. SI6T)
confirm the presence of a pit array originally located at the Gr
boundary, likely determining the Gr dimensions (depth 1-2 nm;
width variable from 20 to 100 nm). Also, some nanometric pits
were observed, to a lesser extent, in the regions where originally
Gr settled. The origin of these nanometric pits in the sapphire
substrate is likely due to Al,O; carbothermal reduction in
vacuum.'>*” It is suggested that the tearing process of the Gr
layer can be attributed to an effect of such substrate carbo-
thermal reduction combined with the breakthrough of the Gr
layer by the evaporated copper.

Raman spectroscopy

Optical transmission and Raman micro-spectroscopy were also
used to characterize the Gr before and after the elimination of
the copper film for a film thickness of 1000 nm Cu. The Raman
spectra indicate that single layer graphene is found all over the
sample in all cases (Fig. SI7 of the ESIf). AFM measurements
indicate that the height of the Gr flakes with respect to the
substrate is in the range 6-8 A, which is consistent with single
layer graphene. The optical image in Fig. 6a shows the
remaining sparse Cu microislands after Cu evaporation. The
optical transmission for a 4 mm diameter area after annealing
at 1150 K is around 80% and the characteristic transition at 267
nm reveals the presence of Gr (Fig. 6b). We ascribe the weak
feature around 580 nm to the plasmon of remaining Cu
microstructures, which can also be seen in the optical (Fig. 6a)
and AFM images (Fig. 5a). The quotient of the intensities of the
characteristic Gr G and 2D Raman peaks, I,/Ig, is related to the
quality of the Gr domains, that is, the regularity of the carbon
network. For values close to that of pristine Gr the ratio decrease
is related to the presence of strain fields and doping.***® At
a high concentration of defects which involves breaking a large
fraction of the sp> C=C bonds by the formation of vacancies,
irregular rings such as Stone Wales defects or O, OH- or other
functional groups, the I,p/I; ratio decreases very significantly
and the width of all Raman peaks increases.*” The so-called
defects peak D (TO mode close to the K point of the Brillouin
zone) is activated by the presence of defects that supply the
required momentum for the Raman process. Therefore, both
Lpl/lg and Ip/I; ratios are used to evaluate the Gr quality. Gra-
phene in the as deposited samples is of high quality, with
a typical I,p/I; ratio for Gr on copper and no defects peak D, as
shown in Fig. SI7.1 After annealing Gr to 1150 K, the Lp/Ig ratio
is very similar to the as deposited sample but the defect peak
clearly increases (Fig. SI7 from ESI{ and Fig. 6g and h). This has
been observed for Gr on remaining Cu regions and in areas
where Cu has been completely eliminated.
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The situation is analogous for Gr deposited on 500 and 1000
nm Cu films. Raman images of Gr/sapphire have been
measured to obtain a statistical analysis of the relevant
parameters. The optical image of a 10 x 10 um?” area of the
sample is replicated by the Raman image of the background due
to Cu (2000-2500 cm ™' region) (Fig. 6¢c and d) allowing us to
distinguish Gr/Cu and Gr/sapphire regions (Fig. 6g and h). This
area is representative of the measured Raman images. The
image obtained from the I,p/I; intensity ratio (Fig. 6f) evidences
the uniformity of Gr over the sample and its quality in terms of
the regularity of the carbon network, which is similar to the as-
deposited Gr. On the contrary, the Ip/I; image indicates that the
density of defects on sapphire is higher that on the remaining
Curegions (Fig. 6e). The intensity of the D peak is a compromise
between an enhancing factor, the formation of defects that
allows the Raman process, and a depleting factor which is the
reduction of the density of carbon aromatic rings. The D mode
corresponds to a vibration of the aromatic rings while G vibra-
tion only requires sp> hybridization of carbon, therefore G peak
intensity is much less sensitive to the presence of defects. The
In/I; ratio is used to estimate the density of point defects (0D
defects) or the size of Gr grains (1D defects) by using different
formulas. Both situations present similar behavior upon
increasing the defect density or reducing the Gr size: the Ip/Ig
ratio first increases up to a maximum value that depends on the
excitation wavelength (stage I) and then decreases (stage II).
Deciding which kind of defect (0D or 1D) is predominant is not
straightforward in most cases. The pioneering work of Tuinstra
and Koening (TK)** on nanocrystalline graphite established that
I/l = C/L,, where L, is the graphite crystallite size and C
depends on the laser excitation wavelength. This dependence
was established to be C(X) (nm) = 2.4 x 10~ '°2* (nm)** (stage I)
but below around 2-3 nm there is a second regime (stage II)
where the ratio decreases as the crystallite size is reduced I/
Ig = C'L,>.* The constant C' is obtained by imposing continuity
between both stages resulting in our case C’' ~ 0.438 for Ajyger =
488 nm. On the other hand, the controlled ion bombardment of
Gr with different doses to produce carbon vacancies has led to
the formulation of a phenomenological model that correlates
Ip/Ig and the distance between the defects, Ly.** The functional
dependences of L, (black lines) and Ly, (red circles) versus In/Ig
are plotted in Fig. 7a for Ajaser = 488 nm.

Fig. 7b shows the number of events of the I/I; values ob-
tained in the Raman image of Fig. 6e. The distribution is wide
and reaches Ip/I ratio up to 4. Since both L, and Ly, are bival-
uated, to know whether Gr is in stage I or II we have to look at
the widths of the peaks and at the I,,/I values. The narrowness
of the peaks and the high I,p/I ratio ensure that Gr is in stage I
in spite of the very high Ip/I; values. The wide distribution of
Fig. 7a can be explained to be due to Gr domains with size Lp
from 14 to 3 nm (following the black curve in stage I) or to
a combination of large regions with point defects with distances
Lp = 3 to 9 nm (from the curve with red circles) for the lower I/
I values up to around 2.9 and small Gr domains in the range
from 3 to 5 nm for 2.9 < Iy/I; < 4. These two scenarios cannot be
differentiated by Raman spectroscopy alone; however, the
information provided by He diffraction indicates that large

This journal is © The Royal Society of Chemistry 2016
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residues. (e) Ip/lg and (f) I,p/Ig Raman images. Raman spectra of Gr on sapphire sample (g) and on Cu (or remaining Cu microstructures) (h). D, G

and 2D characteristic peaks of Gr are indicated.

coherent domains are present therefore discarding the first
case. The 0D defects density can be then calculated for the Ip/I
< 2.9 using np (em™?) = 10"/wLy> (ref. 43 and 44) obtaining
np = 3 x 10" to 3 x 10" em™. Since the density of carbon
atoms in Gr is 3.9 x 10" cm 2, the estimated defect fractions,
from 0.7% to 7%, are below the threshold for the reduction of
He diffraction intensity.

Discussion

An important message from our study is that the wrong
conclusion might be drawn if both HAS and Raman results were
not available. The observation of clear diffraction peaks,
including a moiré pattern, suggests the existence of a well-
ordered Gr overlayer, with little presence of defects, whereas
the observation of such a pronounced D peak in the Raman
spectra points to a Gr layer broken into nanometric patches or
grains. It should be kept in mind that the two techniques probe

This journal is © The Royal Society of Chemistry 2016

different length-scales and are sensitive to different aspects of
Gr. While HAS probes macroscopic regions (mm), Raman
microscopy averages information from areas ~0.7 pm in
diameter. Most importantly, the He-diffraction signal originates
from the less defective regions while the Raman D peak origi-
nates exclusively from the defects of Gr (red areas in Fig. 8).
Therefore, these techniques reveal quite different aspects of the
same samples. Nevertheless, the high intensity of the HAS
diffraction peak indicates its origin from a large fraction of the
sample and the hundreds of Raman spectra collected across
several 10 pum x 10 um areas present small variations. There-
fore, the combination of both sets of data proves the existence
of large domains of Gr with localized defects as carbon vacan-
cies or arrays of vacancies probably originating during the Cu
evaporation at the wrinkles or defects present in the initial Gr
layer grown on the Cu film.

The average domain size of Gr/sapphire derived from HAS is
2000 nm, in good agreement with the Gr size obtained from

RSC Adv., 2016, 6, 21235-21245 | 21243
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Fig.7 (a) L, (black lines) and Ly, (red circles) versus Ip/lg for Azser = 488
nm; (b) statistical distribution of Ip/lg values in the Raman image of
Fig. 6e.

Graphene

Top view

Fig. 8 Simplified view of the model proposed to explain both HAS and
Raman results of Gr on sapphire. The top view shows a surface area
leading to He-diffraction. The red areas represent regions leading to
the appearance of Raman D signal (Gr defects). See text for details.

AFM data. For the underlying sapphire substrate, AFM images
show terraces (4-5 A height) with an average domain size of 120
nm, much larger than the 40 nm obtained for the sapphire
substrate from the specular width in HAS (which sets a lower
limit to the domain size). The different values obtained with
AFM and HAS for the average domain size of sapphire are
a consequence of the different interaction mechanisms

21244 | RSC Adv., 2016, 6, 21235-21245
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involved in both techniques. Thermal energy He atoms interact
with the surface at a very low electron density (ca. 10 a.u.), 2-3
A above the surface atoms. This interaction is characterized by
a large cross section to single defects. Thus, defects on sapphire
reduce the domain size as seen by HAS, leading to the detection
of smaller terraces on average as compared to AFM. The larger
domain size observed for Gr/sapphire is a consequence of
a similar mechanism. The Gr layer covers the sapphire substrate
like a carpet (see Fig. 8), hiding defects and steps, leading to the
appearance of larger coherently diffracting domains. This
mechanism can be deduced from the strong reduction of the
specular FWHM for Gr/sapphire as compared to the sapphire
substrate.

The high sensitivity of HAS to point defects, combined with
the Debye-Waller attenuation of diffraction intensities, makes
it impossible to detect diffraction from surfaces as soon as the
density of defects is larger than 15-20%. This explains for
instance the absence of diffraction features from sapphire
substrates prepared from scratch, in situ, in our laboratory.
Thus, from the observation of high specular reflectivity and
diffraction peaks from Gr/sapphire, we can conclude that the
density of point defects must be near 5%. This is consistent with
the estimation made from the Raman data (0.7 to 7%) and the
2% derived from the determination of the bending rigidity by
phonon measurements. The almost complete elimination of Cu
is attained without any significant deterioration of the Gr film.
This is possible due to the strong planar C-C bond in
comparison with the weak Gr-Cu interaction. Presumably, the
copper film leaves the substrate through defects and borders of
the Gr patches as indicated by the detection of ultra-small Cu
particles (around 2-3 nm) at these borders (Fig. 5a).

Conclusions

We have shown that a high-quality Gr layer on sapphire can be
grown by heating in UHV a Gr layer prepared by CVD on
Cu(111)/Al,0;. The heating process leads to evaporation of the
Cu film, leaving a Gr layer deposited on the sapphire substrate.
These samples require a short preparation time (30 minutes)
and moderate heating temperatures (~900 °C). Since the
method is performed in UHV, it keeps the Gr surface free of
contaminants. These samples present a high transparency
(80%) in the visible range, making them suitable for many
applications. Raman mapping shows that the G to 2D peak ratio
is comparable for both Gr/Cu/Al,0; and Gr/Al,0; samples,
suggesting that the final quality is mainly limited by the quality
of the starting Gr layer. HAS and AFM data prove the presence of
flat and large Gr domains over lateral scales of microns. He-
diffraction data reveal that Gr forms an (11 x 11) moiré
pattern, aligned with the (1 x 1) sapphire unit cell. The bending
rigidity k = 0.61 £+ 0.15 eV and the Gr-sapphire coupling
strength g = (5.8 & 0.4) x 10"® N m* have been determined
from HAS data of the phonon dispersion of the Gr flexural
mode. Our study shows that HAS and Raman provide comple-
mentary information on the sample’s quality, and that the
wrong conclusion might be drawn if only one of these tech-
niques is applied.

This journal is © The Royal Society of Chemistry 2016
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