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Single crystal graphite is an extremely useful substrate to grow functional single crystalline films for future
electronic and optoelectronic device applications. Due to weak van der Waals interaction, it allows one to
grow high quality epitaxial films without the restriction of lattice matching and the films are relaxed at the
interface without generating a high density of misfit induced defects even with very large lattice mismatch
systems. However, the sizes of single crystalline graphite substrates are typically very small when cleaved
from the natural graphite or exfoliated from the commercial highly oriented graphite. In this study we grew
large scale single crystalline AB-stacking graphite films by chemical vapor deposition of graphite on wafer
size, single crystalline Ni(111) films that were epitaxially grown by magnetron sputtering on spinel
(MgAL,O4(111)) substrates. Our results show that smooth, single crystalline graphite films can be achieved at
temperatures below 925 °C. Growth temperatures higher than 1000 °C promotes much rougher and
thicker graphite films resulted from the inhomogeneous graphite segregation and precipitation processes
in the Ni film. These large single crystalline graphite films may serve as substrates to grow functional
semiconductor films for electronic and optoelectronic device applications.

Received 25th September 2019,
Accepted 22nd November 2019

DOI: 10.1039/c9ce01515a

rsc.li/crystengcomm

Published on 25 November 2019. Downloaded by Rensselaer Polytechnic Institute on 12/4/2019 9:22:36 PM.

Introduction

Single crystal graphite has been recognized as an excellent
substrate for the growth of high quality epitaxial films for
decades. Due to its low surface energy and weak van der
Waals interaction, incommensurate overlayer films with little
or no strain can be achieved.'™ More recently, it has been
shown that multilayer graphene/graphite exhibits numerous
advantages over monolayer graphene in many electronic and
photonic applications,”® such as field effect transistors,
organic photovoltaic cells, spintronics, etc. With interlayer
coupling/screening effects, it offers highly tunable electrical
properties,” ™" such as band gap opening, charge carriers
coulomb interaction, spin-orbit coupling, and surface
potential. Thicker graphite is also desirable for applications
that require high durability and less substrate -effects.’
Furthermore, the properties of the multilayer graphene/
graphite differ systemically with the layer numbers and the
layer stacking orders. This would control the quality of the
epitaxial overlayers grown on it, such as the nucleation
density, surface morphology, crystal and electrical
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properties.”*™® One study shows that the adhesion of gold

with n-layer graphene varies with the thickness of graphene
layers."* Another study demonstrates that 2D material MoSe,
grown on graphite has a significantly reduced exciton binding
energy comparing to its bilayer graphene counterpart, which
is due to the increased screening effect from the graphite
substrate."®

To date, the most common methods to prepare multilayer
graphene/graphite are peel-off process from a highly ordered
pyrolytic graphite (HOPG)' and chemical vapor deposition
(CVD) process with polycrystalline Ni sheet as the
catalyst.”'”'®  Diffusion-segregation model'® has been
applied successfully to describe the growth mechanism of
graphite on a Ni single crystal surface. At a temperature
higher than 600 °C,*° carbon atoms readily diffuse into the
bulk of Ni due to carbon's high solubility. During the cooling
down stage, the carbon atoms segregate on the Ni surface
and precipitate to form a graphite matrix. The critical factors
affecting graphite film growth include the surface defect
density and the crystal grain boundaries of the Ni film, which
are especially abundant on the polycrystalline Ni surface, and
promote small graphite crystalline domain formation and
large graphite layer number variation. Overlayers grown on
polycrystalline substrates tend to have inferior crystal quality
with  small  grains containing  diverse  in-plane
orientations.’>?"*> Because of this problem, some attempts
have been made recently by using a single crystal Ni
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substrate for multilayer graphene/graphite growth. The
advantages include a smoother surface with fewer defects
and grain boundaries that can reduce the nucleation sites for
carbon atoms and give a more uniform carbon concentration
distribution to promote large scale crystalline domain
formation.'®*° However, most of the studies focused only on
monolayer, bi-layer or a few-layer graphene growth at a
relatively lower temperature of 700 °C or below.”**” The
process for thicker multilayer graphene/graphite growth at
higher temperatures generally produces only small crystalline
domains with sizes less than tens of micrometers lacking of
long-range order.">*° No study has yet been reported on the
preparation of single crystal graphite with large scale
domains in the size of millimeter and above.

In this work, we used epitaxial, twin-free single crystalline
Ni(111) film grown on spinel(111) substrate as a catalyst for
graphite growth. Using a low pressure (LP), high temperature
CVD process, we focused on evaluating and optimizing of
growth conditions to achieve large scale, single crystalline
epitaxial graphite film on Ni, with the understanding that
graphite properties are critically dependent on the thermal
history of the growth process.*® Using characterization tools
such as atomic force microscopy (AFM), scanning electron
microscopy-focused ion beam milling (SEM-FIB), Raman
spectroscopy, electron backscatter diffraction (EBSD),
reflection high-energy electron diffraction (RHEED), and
X-ray diffraction (XRD), we concentrate on a detailed study of
temperature impacts on the single crystalline graphite
domain formation on Ni(111) film, as well as the graphite's
surface morphology evolution. The graphite films were grown
at a temperature ranging from 850 to 1075 °C with a slow
cooling down process of 6-8 °C min™' to promote uniform
carbon segregation and precipitation. Our results show that,
large scale, single crystalline graphite films can be achieved
at temperatures below 925 °C with relative smooth surface.
The graphite films are dominated with interlayer AB-stacking
order. We performed RHEED characterization of lattice
constant and interlayer distance of the prepared graphite
films. We also conducted a simulation based on a
geometrical superlattice area mismatch (GSAM) model to
evaluate the epitaxial relationship between graphite film and
Ni(111) substrate, the results show that the simulated
graphite crystalline domain orientations are consistent with
the experimental results.

Experimental

Single crystalline nickel (Ni(111)) film was deposited on
spinel (MgAl,0,(111)) crystal substrate using DC magnetron
sputtering method. The spinel substrates were first cleaned
using the RCA SC1 solution (H,O:H,0,:NH,OH = 5:1:1)
and SC2 solution (H,0:H,0,:HCl = 5:1:1) for 10 min at 65
°C. The substrates were then loaded into a DC sputtering
chamber (AJA Orion sputtering system). A 450 nm thick
epitaxial Ni film was deposited on spinel substrate at a
temperature of 475 °C with a base pressure of 2.0 x 10~ Torr.
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The sputtering rate was maintained at 0.4 A s™'. After the
sputter deposition of Ni film, the sample was loaded into a
low pressure three-zone chemical vapor deposition (LPCVD)
furnace (MTI Corporation OTF-1200X) equipped with a 6” x
56" quartz tube. The LPCVD system setup for graphite growth
and the process diagram are shown in Fig. S1.} The substrate
was positioned at the center zone (zone 2) in the furnace to
minimize the temperature fluctuation. The Ni film was first
thermally annealed at 1000 °C for 15 min with Ar/H, flow.
The flow rates were controlled at 200 scem and 50 scem for
Ar and H,, respectively. After the pre-annealing step, the
temperature was adjusted and kept at different values
ranging from 850 to 1075 °C for graphite growth, with a CH,
flow rate controlled at 10 scem throughout the process. The
growth time was controlled at 90, 60, 45, and 30 min for
graphite growth temperature of 850, 925, 1000, and 1075 °C,
respectively. The pressure in the furnace was maintained at
~50 Torr. After the growth, the quartz tube was cooled to
room temperature at a rate of 6-8 °C min™".

The graphite films were transferred to 100 nm thick Si
dioxide covered Si wafers using a standard polymethyl
methacrylate (PMMA) method. Briefly, the sample was first
spin-coated with PMMA (MicroChem 950 A4) three times,
and baked at 150 °C for 10 min for each coating. The final
PMMA thickness was 500-600 nm in order to maintain a
good film integrity in the transfer process. The sample was
then immersed in 10% (weight/volume) iron tricholide
(FeCl;) solution overnight to etch away Ni and release the
graphene/PMMA thin film stack. A silicon wafer with 100 nm
thick Si dioxide was used to scoop out the film. The entire
film stack was baked at 150 °C for 30 min, and immersed in
acetone to remove PMMA. The final step was to rinse the
sample in isopropyl alcohol, and dried in nitrogen gas for
further test.

Raman spectroscopy (Renishaw model 20004, laser
wavelength 1 = 514 nm) was used to characterize the
graphite films in a single scan mode before and after the
transfer process. The measurements were conducted using
a laser spot of 5.0 pm with 10 s integration time and 5
accumulations. Raman area scans (Raman mapping) were
conducted using a WITec alpha-300 spectrometer with an
excitation wavelength of 532 nm. The scan area were set
at 20 x 20 pum. AFM (Park Scientific Autoprobe CP,
Dimension 3100, Veeco Instruments) and SEM-FIB (Karl
Zeiss Ultra 1540 EsB system) were used to characterize the
morphology of the Ni and graphite films as well as the
cross section of the Ni film. EBSD (NordlysNano Detector,
Oxford Instruments) integrated with the SEM-FIB system
and X-ray diffraction (XRD, Bruker D8-Discover) were used
to characterize the crystallographic properties of the Ni
and graphite films. For EBSD characterization, a 10 keV
electron beam and a scan scale ranging from 200 pum (0.2
mm) up to 1400 um (1.4 mm) were applied. Aztec EBSD
software was used to collect the crystallographic data and
HKL Channel 5 Tango and Mambo software package
(Oxford Instruments) was used to do the post-analysis,
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such as crystallographic orientation mapping, and pole
figure/inverse pole figure (IPF) plotting. XRD 20-w and
azimuthal @ scans were carried out using a Cu Ko
radiation source (wavelength /1 = 1.54 A).

For RHEED analysis, each of the as grown graphite/Ni
films without any prior treatment was mounted in the
sample holder of a manipulator in the RHEED chamber and
pumped down to a base pressure of 10°® Torr. An electron
gun (model RDA-003G) generated an electron beam of 20 keV
energy. The emission current used was 45 pA. The high-
energy electron beam was incident at a glancing angle of ~1°
on the sample surface. The diffraction pattern was projected
on a phosphor screen on a 6 in conflat flange about 20 cm
away from the sample. The diffraction pattern was imaged by
a digital camera placed outside the chamber facing the
phosphor screen. The sample can be rotated in-plane
azimuthally by a high vacuum compatible stepper motor.>’
The sample was rotated azimuthally with a 1.8° step
increment from 0° to 180° in 100 steps and the
corresponding RHEED pattern was recorded at each
incremental step in order to collect intensity of the entire
upper half of the reciprocal space. The 2D reciprocal space
map was then constructed.*®
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Results and discussion

Preparation of single crystalline Ni(111) film substrate for
graphite growth

Studies have shown that single crystalline Ni(111) film can be
deposited on a single crystal sapphire(0001) substrate, but it
normally forms prevailing twin domains and other grain
boundaries with a 30° in-plane rotation, which is difficult to
eliminate even after thermal annealing.*® In this work we
used single crystal spinel(111) as the substrate to grow Ni
films. Spinel's cubic crystal structure matches that of Ni. As
mentioned in the Experimental section, after the sputtering
deposition of Ni, the film was pre-annealed at 1000 °C for 15
min to improve the crystal quality. The characterization
results using SEM-FIB, XRD, and EBSD are shown in Fig. 1.
The SEM image in Fig. 1(a) shows a continuous film with
normal morphology across the Ni surface. The root-mean-
square (RMS) surface roughness is estimated to be 3-4 nm,
as shown in Fig. S2. Fig. 1(b) shows an SEM image of the
cross section of the Pt coated Ni film indicating that Ni has a
uniform thickness of ~450 nm. There is no electron
channeling contrast from grain boundaries indicating the
single crystalline nature of Ni. XRD 26-w scan shows only a

Q.

Intensity (a.u.)

0 100 200 300

Fig. 1 Characterization of single crystalline Ni(111) film deposited on spinel(111) crystal substrate after thermal annealing. (a) SEM image of Ni(111)
surface morphology, (b) SEM cross section image of Ni(111) film on spinel(111) substrate prepared by FIB milling, Pt protection film was coated on
Ni before FIB milling, (c) high-resolution XRD 26-w scan of the Ni(111) peaks, (d) XRD 360° azimuthal @ san at y angle of 70.53° showing Ni(111)
peaks, (e) EBSD IPF-X map showing Ni film's in-plane spatial orientation distribution, and (f) EBSD Ni(111) pole figure.
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Ni(111) peak within a 20 range of 10-80°. There is no other
Ni peak found in the scan range. High resolution 26-w
Ni(111) peak scan (Fig. 1(c)) reveals the Kal and Ka2 peaks
with the first one located at 44.60°. The XRD 360° azimuthal
@ scan with a y angle of 70.53° shows only three Ni(111)
peaks displayed in Fig. 1(d). Because Ni has a cubic crystal
structure, the (111) crystalline orientation should have a
three-fold symmetry. The peak full-width-half-maximum
(FWHM) values is estimated to be 0.25° + 0.02°. The FWHM
value of Ni(111) rocking curve (not shown here) is 0.57°
indicating good crystal quality. Thus the XRD result shows a
conclusive evidence that the Ni film is single crystalline free
of twin domains or other large angle grain misorientations.
Fig. 1(e) and (f) show the EBSD data of a 250 um x 200 pm
area across the sample surface. The uniform blue color in
Fig. 1(e) indicates that the out-of-plane crystalline direction is
[111]. The four (111) poles in the (111) pole figure shown in
Fig. 1(f) further confirm that the Ni film is single crystalline
free of twinning. The slight shift of the Ni(111) central pole
from the center of the pole figure is due to imperfect
instrumental calibration of the EBSD system.

Graphite surface morphology and Raman characterizations

Graphite films were grown on the well characterized single
crystalline Ni(111) films at temperatures ranging from 850 to
1075 °C. The growth time was reduced from 90 min at the
lowest temperature to 30 min at the highest temperature.
Fig. 2(a)-(d) are SEM images showing surface morphology of
graphite grown at temperatures of 850, 925, 1000, and 1075
°C, respectively. The scanning area is 360 um x 240 um in
size. As seen in Fig. 2(a), the graphite grown at 850 °C with a
90 min growth time has a relatively smooth surface, with
slightly darker spots scattering across the surface indicating
some thicker graphite flakes exist. The longer growth time
comparing to those used at higher temperatures was applied
to ensure a full coverage of graphite on the Ni(111) surface

temperatures. (a-d) Graphite films grown at 850, 925, 1000, and 1075
°C, respectively.
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grown at this temperature. When the temperature is
increased to 925 °C (Fig. 2(b)) with a growth time of 60 min,
the thicker flakes merge into a large area, smooth film with
some lighter color regions indicating thinner graphite. The
lower right corner shows a sign of very thick graphite flakes
starting to emerge as manifested by the dark color islands at
this location. When the temperature is further increased to
1000 °C, very thick graphite flakes start to prevail on the
surface, replacing the thinner graphite films, even though
the growth time was cut down to 45 min. The thick graphite
flakes are mixed with very bright streaks or isles indicating
very thin or no graphite formed at these locations (Fig. 2(c)).
The inhomogeneous graphite growth results in a rougher
surface comparing to the films grown at lower temperatures.
When the temperature reaches 1075 °C, although growth
time was further reduced to 30 min, the graphite surface
becomes very rough (Fig. 2(d)). Thick and small graphite
domains are dominant on the surface and alternate with very
thin graphite regions in bright color. This kind of surface
structure completely replaces the uniformly thin graphite
films observed at lower temperatures.

The carbon solubility in Ni increases exponentially with
the temperature.”® 1t is expected that, at a higher
temperature, a large amount of carbon dissolves into bulk Ni.
Thus thick graphite would be formed in the growth process.
As mentioned above, for a polycrystalline Ni substrate, in the
cooling down stage, the dissolved carbon easily segregated
and precipitated onto the surface along the grain boundaries,
resulted in an uneven graphite growth. This is the main
reason that small scale graphite domains with a large
thickness variation form when using a polycrystalline Ni
substrate. However, our single crystal Ni is free of grain
boundaries, the segregation and precipitation of carbon
atoms on the single crystal Ni surface are expected to be
evenly distributed and should result in a smooth graphite
film. This is relatively true for graphite growth at lower
temperatures such as 850 °C and 925 °C. When the
temperature increases to above 925 °C, this trend breaks
down. It has been reported that, on a polycrystalline Ni
substrate, a significant part of Ni can undergo surface
restructuring and morphology change. Extra surface steps
were observed during the multilayer graphene growth.’
Furthermore, the graphene nucleation and growth impeded
Ni steps flow and led to bunching and highly corrugated
surface. This caused inhomogeneous carbon diffusion and
transport on the Ni surface, and resulted in anisotropic
carbon precipitation deviated from the ideal situation. The
condition worsened for graphite growth at high temperatures
under a long process duration because the highly mobile Ni
surface caused a partial graphite coverage even after a long
growth period. It appears that this phenomenon is
independent of the initial crystal orientation of Ni. It occurs
not just on the polycrystalline Ni surface, but on the single
crystal Ni substrate as well in our work. The resulting small
size, thick graphite flakes unevenly spreading across the Ni
surface and the large surface roughness of graphite grown at
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1000 °C and 1075 °C shown in Fig. 2(c) and (d) is an
indicator demonstrating that the carbon concentration
distribution on Ni(111) surface is not homogeneous during
the graphite growth at these temperatures.

The obtained graphite films were characterized using
Raman spectroscopy. Fig. 3(a) shows four representative
Raman spectra of graphite samples. The spectra were taken
from smooth graphite regions shown in Fig. 2(a-c) for
graphite grown at 850 to 1000 °C. For graphite grown at 1075
°C, Raman spectrum was taken at a random location because
the surface is prevailingly rough across the sample. The
spectra show that, the G to 2D intensity ratio increases with
the temperature, indicating thicker graphite forms at higher
temperatures. The peaks at Raman shifts of 1124 cm™ and
2330 cm™' are due to instrumental noises. No significant D
peak is observed at 1350 cm ™" indicating a good film quality
with negligible lattice defects. The G to 2D intensity ratio is
consistently larger than 1 and this infers that the graphite
layer stacking is likely the AB (Bernal) stacking instead of the
turbostratic interlayer rotational stacking, as reported in the
literature.""*" Here the AB stacking is defined as half of the
carbon atoms of the graphene layer align normally above half
of the carbon atoms of the second layer, while the other half
align normally above the centers of the hexagonal lattices of
the second layer, which results in interlayer electronic
coupling.”** On the other hand, the turbostratic stacking
refers to a random relative in-plane rotation between the two
adjacent graphene layers, which increases the interplanar
spacing, and decouples the interlayer interactions.'’** The
2D peaks also demonstrate an upshift of the wavenumbers
with the increase of temperature indicating an increase in
the number of layers, which is consistent with the data
reported in the literature.**

To confirm that the graphite interlayer stacking order is
AB stacking, the graphite 2D peaks were further analyzed for
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graphite films grown at different temperatures. For those
spectra, the 2D peaks were deconvoluted into two Lorentzian
peaks: P1 and P2. The results are shown in Fig. 3(b-e). As
one can see, the low wavenumber P1 peaks located at 2693—
2698 cm* have relatively lower intensities compared to that
of the high wavenumber P2 peaks which are located at 2731~
2734 cm™'. The FWHM values for P1 peaks range from 38 to
54 cm™', and for P2 peaks range from 33 to 40 cm ‘. The
splitting of the two peaks (2D peak splitting: A2D) ranges
from 33-41 cm™'. The 2D peak splitting with P2 peak
stronger than P1 peak is a further evidence indicating that
the graphite film is AB stacking, which is consistent with the
data shown in the literature.®" For a graphite film with
turbostratic stacking order, due to the interlayer decoupling,
the 2D peak typically appears in a single Lorentzian form,
similar to the one for a monolayer graphene.*" A fine scan
Raman spectrum with Raman shift between 1300 and 2100
em™ is shown as inset in Fig. 3(a) for graphite grown at 925
°C before transfer. Furthermore, for graphite with
turbostratic stacking order, there exists rotational (R) mode
peaks with Raman shift between 1400 and 1500 ¢cm ', and
relatively strong in-plane phonon combination mode peaks
between 1800-2100 c¢m™.*"?*%¢ There is no such peaks
present in the Raman spectrum shown in Fig. 3(a) inset. To
sum up, Raman spectra shown in Fig. 3 confirm that,
graphite films grown on Ni(111) have an interlayer AB
(Bernal) stacking order with no significant interlayer
rotational disorders.

The uniformity of the graphite film grown on Ni(111) was
also characterized using Raman area scans on the smooth
regions of a sample grown at 925 °C. Raman G, 2D, and G/2D
maps were obtained for graphite before transferring to SiO,/Si
substrate. The results are shown in Fig. S3.f The Raman G and
2D maps indicate that the graphite film fully covers the Ni
substrate for the region scanned. The G/2D map shows
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(a) Representative Raman spectra for graphite grown at different temperatures. The inset is a fine scan of Raman spectrum with Raman

shift ranges from 1300 to 2100 cm™ for graphite grown at 925 °C. (b-e) Deconvolution of 2D peaks for graphite grown at temperatures of 850,

925, 1000, and 1075 °C, respectively.
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consistent G/2D ratio larger than 1, indicating uniform
multilayer graphene coverage on the Surface. Furthermore, the
G/2D ratio is homogeneously uniform across the whole image. It
suggests that the layer number of graphite is unchanged and is
uniform for the scanned area. On the other hand, both G and
2D maps show the gradual increase of Raman intensity from
bottom to top. This can be caused by the system instability
during Raman mapping process, that is, the focus of microscope
may drift during the scanning. This can result in the Raman
intensity change gradually across the maps. But it does not affect
the conclusion drawn above using the Raman G/2D map.

The surface morphology and roughness of graphite films
before transferring to other substrates were further
characterized using AFM. Three samples grown at 925, 1000,
and 1075 °C were examined. The images are shown in Fig.
S4F The scan size is 50 um x 50 um. Fig. S4(a)f shows a
relatively flat graphite surface grown at 925 °C. The RMS
surface roughness is estimated to be 10-13 nm. The grainy
look and the steps/terraces on the surface appear coming
from the underneath Ni substrate. As shown in Fig. S5,t after
the sample undergoes a UV ozone cleaning/removal process
(Fig. S5(b)t) to remove the graphite layer, the sample surface
(Fig. 5(a)) exhibits a similar topographic look as the one
shown in Fig. S4(a)} before the cleaning/removal process.
The Raman spectrum shown in Fig. S5(b){ indicates that the
graphite film is completely removed from the sample,
manifested by the vanishing of both G and 2D peaks. The
substantial surface morphology transformation of Ni(111)
comparing to the one before graphite growth (shown in Fig.
S21) is consistent with the study in the literature,” which
reported a significant part of Ni can undergo surface
restructuring and morphology change, as mentioned above.
Fig. S4(b)t shows a AFM image of graphite grown at 1000 °C.
A flat region was chosen for the AFM scan. The data shows
that the RMS surface roughness increases to 14-15 nm. As
mentioned above, when temperature increases to 1075 °C,
the very thick graphite domains dominate the sample
surface, as shown in Fig. S4(c).f The AFM scan indicates that
the surface RMS roughness drastically increases to ~250 nm.

The graphite thickness is also estimated using AFM
height profile analysis by doing line scans across the
graphite edge to the bare substrate for graphite samples
transferred to SiO,/Si wafers. Fig. S61 shows typical thickness
for graphite grown at different temperatures. The thickness
is estimated to be 22, 37, 188, and 2554 nm for graphite
grown at 850 °C, 925 °C, 1000 °C, and 1075 °C, respectively.
Assuming the graphite interlayer spacing is ~3.35 A, the
estimated graphite layer number is 66, 110, 561, and 7623,
respectively.

Graphite EBSD and XRD crystal property characterizations

Because the thickness of graphite films is in the range of
tens to hundreds of nanometers, EBSD is considered to be a
suitable tool to characterize its structural property.
Furthermore, in contrast to transmission electron
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Fig. 4 EBSD (1011) pole figures with color contour for graphite films
grown at different temperatures. (a) Grown at 850 °C. The data show
the poles for graphite film on Ni(111) film before transferring to SiO,/Si
substrate. The pole figure includes diffraction signal from Ni substrate.
The graphite (1011) poles are marked with hexagonal shaped orange
dash lines. (b)-(e) Grown at 850 °C, 925 °C, 1000 °C, and 1075 °C,
respectively, after transferring to 100 nm thick SiO,/Si substrates.
Graphite (1011) poles from two crystalline domains are marked with
hexagonal shaped orange and red dash lines. (f) EBSD (0001) pole
figure for graphite film grown at 1075 °C, after transferring to SiO,/Si
substrate.

microscopy and scanning tunneling microscopy which are
extensively used to study crystal structure within a localized
sample region, EBSD can provide structural information on
a much larger area. Thus, EBSD was applied to characterize
the graphite films before and after transferring from Ni
film to SiO,/Si substrates. The maximum scan size was set
at 1.4 mm x 1.1 mm. Here, (1011) pole figures are plotted
to evaluate the graphite crystallinity. For graphite, the
(1011) poles have a y angle of 72.37° relative to the (0001)
central pole with a relatively stronger intensity than
diffractions from other crystal planes. Because graphite has
six-fold symmetry, there will be six (1011) poles if it is a
single crystal. There will be more than one group of (1011)
poles if crystalline domains with different orientations exist.
Fig. 4(a) shows a (1011) pole figure for graphite film grown
at 850 °C before the transfer process. The color contour in
graphite (1011) pole figures indicates the strength of the
texture. The red color indicates stronger intensity with
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Fig. 5 (a) RHEED pattern, (b) intensity vs. momentum transfer parallel to the surface kj; and (c) intensity vs. momentum transfer perpendicular to
the surface k, for graphite film grown on Ni(111) film at 925 °C. Similarly, (d)-(f) are for graphite film grown on Ni(111) at 1075 °C. The red curves in

(c) and (f) are RHEED background intensities.

more data clustering, and the green color indicates the
opposite. In the pole figure, six graphite (1011) poles with
(0001) out-of-plane orientation are marked by hexagonal
shaped orange dash lines. The other 18 stronger (1011)
poles have y angles of ~29°, ~48°, and ~85°, respectively.
The out-of-plane orientation for these poles is determined
to be (1122) using EBSD inverse pole figure in the Z
direction (data not shown). It is believed that these poles
are caused by the diffraction from the Ni(111) substrate.
For Ni, the lattice constant in the (111) plane is 2.49 A.
The graphite (0001) plane lattice constant is 2.46 A. The in-
plane lattice mismatch is only ~1.2%.%” If the graphite film
is thin enough for electron beam to penetrate through, the
EBSD detector can also pick up the diffraction from the
substrate. Because EBSD data processor uses graphite
lattice parameters to match and index the diffraction
patterns, it likely mis-indexes the diffraction from Ni(111)
as graphite diffraction, and creates an incorrect out-of-
plane graphite orientation. We can see later that these
(1011) poles related to the out-of-plane (1122) orientation
disappears in the graphite (1011) pole figures after a Ni
etching and graphite transfer process. When the
temperature increases to above 1000 °C, the graphite (1011)
poles appear much stronger. At 1075 ©°C, the graphite
(1011) poles evolve into two major sets of poles (we will
discuss this phenomenon in the next section). The signal
from Ni(111) completely disappears when the substrate
temperature increases to 1075 °C (data not shown). This is
resulted from the significant graphite's thickness increase
at high temperatures, which prevents electron beam from
reaching the Ni substrate.

This journal is © The Royal Society of Chemistry 2019

In order to eliminate the interference from Ni film
substrate on the graphite crystal structure characterization,
Ni was etched away and the graphite films were transferred
to SiO,/Si substrates for EBSD scan. Again, the maximum
scan size was set at 1.4 mm X 1.1 mm to evaluate the graphite
crystallinity. Fig. 4(b)-(e) show EBSD (1011) pole figures for
graphite films prepared at 850, 925, 1000, and 1075 °C,
respectively, after the transfer process. As shown in Fig. 4(b)-
(e), the signal from Ni substrates shown in Fig. 4(a) are
completely eliminated. For graphite films grown at 850 and
925 °C, there are only one major set of six (1011) poles
present in the pole figures. However, the in-plane orientation
dispersion is relatively large as evident in pole broadening/
stretching in azimuthal direction. The average FWHM value
of the poles is estimated to be ~10°. When the temperature
increases to 1000 °C and above, a second set of six (1011)
poles emerges, see Fig. 4(d) and (e). For graphite film grown
at 1000 °C, the in-plane angular rotation for the second set of
weaker poles is estimated to be 17-20° from the first set of
(1011) poles, which is not noticeable before the transfer of
graphite film due to the interference from the Ni film
substrate. For graphite grown at 1075 °C (Fig. 4(e)), the in-
plane angular rotation of the second set of poles is estimated
to be 22-25°, and the signal of the second set of poles
becomes much stronger than the one grown at 1000 °C
(Fig. 4(d)). Studies show that, graphene grown on Ni
substrate can have multiple domains with 17 + 7° in-plane
rotations at temperatures above 600 °C.”****¢ Qur EBSD data
show similar in-plane crystalline domain rotations but it only
becomes significant at a temperature much higher than the
600 °C as reported in the literature. Furthermore, for the
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EBSD scans conducted at a scale of millimeter size, the data
show that only one major set of (1011) poles exists for
graphite grown at lower temperature of 850 (Fig. 4(b)) and
925 °C (Fig. 4(c)). This indicates that the crystalline domain
size in the graphite films is at least on the millimeter scale
when grown at temperature of 850 and 925 °C. A single
crystalline graphite domain of this size has not been reported
in the literature. Fig. 4(f) shows the (0001) pole figure for the
graphite film grown at 1075 °C, after transferring to 100 nm
thick SiO, buffered Si substrate. The EBSD pole figure
confirms that the graphite's out-of-plane orientation is in the
[0001] direction.

As a comparison, Fig. S7 shows an EBSD pole figure and a
XRD 26-w spectrum of a commercial HOPG sample. The EBSD
(1011) pole figure in Fig. S7(a)} shows a weak biaxial texture
structure present in the HOPG. The XRD data in Fig. S7(b)f
show (0002), (0004), and (0006) graphite peaks. This indicates
the out-of-plane orientation for the HOPG sample is (0001).

EBSD IPF-Z and IPF-X crystallographic orientation maps
are shown in Fig. S8f for graphite grown at 925 °C. The
graphite was transferred to a SiO,/Si substrate for EBSD
mapping. The scale bar is 200 um for both maps. The
maps show the spatial crystallographic orientation
distributions in the out-of-plane Z (Fig. S8(a)f) and in-plane
X (Fig. S8(b)t) directions. The insets in both figures are the
IPF color legend for the hexagonal crystal system, with the
red, green, and blue colors representing the [0001], [1120],
and [1010] directions, respectively. The three colors have
certain degrees of spread in the color legend before
transitioning into other colors. The angle between the
[1120], and [1010] directions is 30°. As one can see, the
IPF-Z map in Fig. S8(a)t indicates the out-of-plane
orientation for the graphite film is in the [0001] direction
as indicated by the uniform red color. On the other hand,
the IPF-X map in Fig. S8(b)f is dominantly green color
indicating a prevailing in-plane orientation close to [1120]
direction. The data further support that, large scale, single
crystalline domain exists in the graphite film. The light
cyan and light blue colors close to bottom edge of the
image indicate that some in-plane misorientation
dispersion exists in these locations, which is consistent
with the pole figure shown in Fig. 4(c) as the six (1011)
poles stretching in azimuthal direction.

Because the graphite films are relatively thin for samples
grown at a temperature below 1000 °C, it is a challenge to
obtain sufficient signal from XRD diffraction. Thus only
graphite films grown at 1000 °C and 1075 °C were
characterized using XRD. The XRD 360° azimuthal & scan
results for graphite (1011) peaks measured at the chi angle, y,
of 72.37°, are shown in Fig. S9f for graphite film grown at
1000 °C (Fig. S9(a)T) and 1075 °C (Fig. S9(b)T). Note that the
XRD spectra were collected from graphite films after
transferred to SiO,/Si substrates. Both samples show twelve
peaks, indicating that globally two in-plane crystalline
domains exist for the two graphite samples measured. The
in-plane rotations between the two sets of peaks for samples
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grown at 1000 °C and 1075 °C are 17-18° and 22-24°,
respectively. These values are consistent with the rotation
angles observed in EBSD pole figures shown above.

RHEED characterizations of graphite lattice constant and
interlayer distance

In this section we present the near surface graphite structure
quantitatively including in-plane lattice constant and vertical
interlayer distance using RHEED. The 20 keV electron used
in RHEED has a penetration depth of ~10 nm and can detect
the near surface structure. RHEED patterns from multilayer
graphite grown on Ni substrates at 925, 1000 and 1075 °C
before being transferred onto SiO, substrates were collected.
Fig. 5(a) shows a RHEED pattern of graphite film grown on
Ni substrate at 925 °C. There are spots along the stripes
perpendicular to the surface. This is a result of constructive
interference between the atomic layers in the graphite film.
Fig. 5(b) plots the average intensity parallel to the surface
within the magenta dashed rectangle (in Fig. 5(a)) as a
function of momentum transfer (k = Koy, — kin, where Koy is
the out-going wavevector and k;, is the incoming wavevector)
parallel to the surface, k). Peaks are labeled by Miller indices
(20), (10), (00), (10), and (20). From the separation Akj of
adjacent peaks in units of A™ one can calculate the lateral
lattice constant a = 2n/Aky = 2.42 + 0.02 A. 1t is slightly less
than bulk graphite lattice unit length of 2.46 A. Fig. 5(c) plots
the average intensity perpendicular to the surface within the
blue dashed rectangle as a function of momentum transfer
perpendicular to the surface, k,. Peaks are labeled by
numerical numbers 1 to 6. Peaks 3-6 are from graphite. From
the adjacent separation Ak, of graphite peaks the interlayer
distance is calculated to be ¢/2 = 2n/Ak, = 3.08 + 0.16 A, less
than the bulk interlayer spacing 3.35 A of graphite. Peak 1
position is consistent with the (111) peak of Ni film
substrate. This Ni(111) is consistent with the EBSD pole
figure data because the graphite film is thin in some area.
The electron beam can penetrate through thin graphite film
if its thickness is less than the electron mean free path and
can detect Ni. Note the peak intensities of peak 1 and peak 2
from Ni are weaker than peak 3 from graphite. However,
their FWHMs are much sharper than that from graphite. This
is because the Ni substrate is a better epitaxy film compared
to the graphite film. The data for 1000 °C are similar to that
of 925 °C and are not shown here. Fig. 5(d)-(f) are similar
data for the graphite film grown on Ni at 1075 °C except that
the first two peaks 1 and 2 in Fig. 5(c) disappear. This is also
consistent with no Ni poles in the EBSD data at 1075 °C.
Recall the graphite film grown at 1075 °C is much thicker
than the penetration depth ~10 nm of 20 keV electrons used
in the RHEED.

Geometrical superlattice area mismatch model (GSAM) for
graphite and Ni epitaxial relationship estimation

A GSAM model is applied to evaluate the epitaxial
relationship between graphite and Ni lattices using single

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Plot of the superlattice area mismatch (delta A) of epitaxial relationship between graphene and Ni(111) substrate. The data appeared in
the experimental results are labeled by red circles. (b) Schematic of 2D real space lattice overlays for graphite (0001) on Ni(111) with rotation
angles of 0°, 17°, 22°, and 25°. Graphite crystalline domain with rotation angle of 0° is the most favorable configuration with the smallest delta A

value.

layer graphene as an example. As described in the
literature,®>®™** the model examines the pairs of superlattices
formed at the interface of epitaxial overlayer and the
substrate. It identifies close coincidence lattices with
minimal lattice area mismatch for the two materials. The
superlattice minimizes the energy of the epitaxy system with
high superlattice matching density, and thus is preferred
during the epitaxial growth. The model is defined as: A4 =
Al(Au/u) + (Av/v) + (A6/tan 0)]. Here AA is the area mismatch
between the overlayer superlattice and substrate superlattice.
A, u, v, and 6, represent the area of superlattice, the two
superlattice unit vectors, and the angle between overlayer
and substrate superlattices unit vectors, respectively. In this
calculation, the maximums of A, Au/u, Av/v, and Af/tan 6 are
set to be 400 A%, 5%, 5%, and 5%, respectively. The rotation
angle is defined as the angle between unit vectors Zgraphene
and ZNiml). The lattice constants used for the calculation are
graphene (0001), @ = b = 2.46 A, a = 60°; and Ni (111), a = b =
2.49 A, a = 60°. Fig. 6(a) shows the calculated results for
graphene/Ni system. The radius of the circles in Fig. 6(a) is
scaled inversely proportional to A. Here we can identify that
the smallest AA (0.15 A?%) happens to be the data point at the
rotation angle of 0° with the largest circle, corresponding to
the most favorable alignment between graphene and Ni(111).
In this case, graphene is aligned parallel to the Ni(111)
surfa_g:e during thg epitaxial growth, with Zgraphene(ooo1)|ENi(111)
and Dgraphene(ooon)Pric111)- On the other hand, there are other
possible epitaxial relationships that exist in the system with
different relative in-plane lattice rotations. The rotation
configurations shown in the experimental results are labeled
with red circles. As one can see, the graphene domain with
an in-plane 17° rotation angle, relative to the Ni(111) lattice,
which is observed in the experiments, has a higher
superlattice area mismatch value of 2.2 A indicating
relatively higher system energy in this epitaxial configuration.

This journal is © The Royal Society of Chemistry 2019

There are other two graphene domains relatively close to each
other with rotation angles of 22° and 25° relative to the Ni(111)
lattice, showing smaller A4 of 0.6 A% and 0.9 A% respectively,
with lower system energy. These domains are also observed in
the experimental results of EBSD shown above, especially in
the graphite samples grown at highest temperatures of 1000 °C
and 1075 °C. Fig. 6(b) shows 2D real space lattice overlays for
graphite (0001) epitaxy on Ni(111). The graphite lattices with
four in-plane rotation angles (0°, 17°, 22°, and 25°) observed in
the experiments are drawn to demonstrate the epitaxial
relationship. When graphite and Ni lattices are at 0° in-plane
relative rotation, the lattice mismatch is only ~1%, that results
in coincidence for all the lattice points. At other rotation
angles, the superlattices of graphite and Ni are much larger,
and most of the lattice points will not coincide, which results
in higher energy in the system, and lower possibility of
occurrence. Because of the large in-plane misorientation
dispersions in the experimental data, it is difficult to identify
which rotation angle has the exact match to the experimental
results. Nevertheless, the GSAM model calculation results are
consistent with our observed experimental data regarding to
the graphite crystalline domain rotation angles.

Conclusion

In summary, using AFM, SEM-FIB, Raman spectroscopy,
EBSD, XRD and RHEED techniques, we studied surface
morphology and crystal properties of graphite films grown on
single crystalline Ni(111). The data indicate that the graphite
film is grown on Ni with AB (Bernal) stacking at temperature
ranging from 850 to 1075 °C. Similar to multilayer graphene
grown on polycrystalline Ni substrate, our data indicate
significant Ni surface morphology change and restructuring
during the graphite growth on the single crystalline
substrate. High mobility of Ni atoms combined with
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graphene nucleation and growth possibly cause
inhomogeneous distribution of carbon concentration and
result in uneven growth of graphite film especially at
temperatures above 925 °C, which significantly roughens the
graphite surfaces. On the other hand, the crystal property
characterization on these graphite films indicate that, at
temperatures ranging from 850 to 925 °C, a single crystalline
domain is formed in the graphite film with a size of a
millimeter or larger. When the substrate temperature
increases to above 925 °C, a second crystalline domain starts
to emerge. When the temperature reaches 1075 °C, two
crystalline domains co-exist in the graphite films with a
relative in-plane orientation rotation of ~22-25°. Smaller
crystalline domain forms with size ranges from tens to a
hundred of micrometers at this temperature.
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