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Ultrastiff, Strong, and Highly Thermally Conductive
Crystalline Graphitic Films with Mixed Stacking Order

Bin Wang, Benjamin V. Cunning,* Na Yeon Kim, Fariborz Kargar, Sun-Young Park,
Zhancheng Li, Shalik R. Joshi, Li Peng, Vijayakumar Modepalli, Xianjue Chen,

Yongtao Shen, Won Kyung Seong, Youngwoo Kwon, Jeongsu Jang, Haofei Shi, Chao Gao,
Gun-Ho Kim, Tae Joo Shin, Kwanpyo Kim, Ju-Young Kim, Alexander A. Balandin,

Zonghoon Lee, and Rodney S. Ruoff*

A macroscopic film (2.5 cm x 2.5 cm) made by layer-by-layer assembly of 100
single-layer polycrystalline graphene films is reported. The graphene layers
are transferred and stacked one by one using a wet process that leads to
layer defects and interstitial contamination. Heat-treatment of the sample

up to 2800 °C results in the removal of interstitial contaminants and the
healing of graphene layer defects. The resulting stacked graphene sample is a
freestanding film with near-perfect in-plane crystallinity but a mixed stacking
order through the thickness, which separates it from all existing carbon
materials. Macroscale tensile tests yields maximum values of 62 GPa for the
Young’s modulus and 0.70 GPa for the fracture strength, significantly higher
than has been reported for any other macroscale carbon films; microscale
tensile tests yield maximum values of 290 GPa for the Young’s modulus

and 5.8 GPa for the fracture strength. The measured in-plane thermal
conductivity is exceptionally high, 2292 + 159 W m~" K™! while in-plane
electrical conductivity is 2.2 X 10° S m~'. The high performance of these films
is attributed to the combination of the high in-plane crystalline order and

Graphene could be an excellent building
block for mechanically strong films given
its intrinsic Young's modulus (1.1 TPa)
and tensile strength (=130 GPa).l'2l How-
ever, the intrinsic strength has been found
only at the micrometer-length scale. We
recently used a new method to measure
the mechanical strength of multi-centim-
eter single-layer graphene grown by chem-
ical vapor deposition (CVD); the average
strength of those macroscale samples was
4.5 GPa, and the average Young's mod-
ulus was 793 GPa.’l To date, macroscale
samples made of only stacked and over-
lapped graphene platelets (no other con-
stituents) had Young’s moduli lower than
50 GPa and fracture strengths of around
100 MPa.*? These significantly lower
values are likely due to a combination of
factors; graphene flakes being synthe-

unique stacking configuration through the thickness.
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stacking of graphene flakes due in part to their random lateral
sizes and shapes, and film preparation techniques that result
in voids.["")

As CVD graphene continues to improve due to efforts world-
wide to grow “higher and higher” quality material, it is sensible
to ask what types of macroscale samples can be made with
many layers that have been individually stacked and what will
their properties be? We have attempted to provide a preliminary
answer to this question by creating samples with many centim-
eter-scale graphene layers stacked one by one, here totaling 100,
as this is the thinnest film that can be suspended over a centim-
eter-scale hole in our experiments.

Stacking of 2D materials is a promising approach to create
van der Waals structures,''1 but until recently, these struc-
tures have been limited by the small size of the exfoliated
2D crystals and it is difficult to envision the established tech-
niques being useful for a large number of stacked layers, such
as 100 large area graphene layers. Layer-by-layer assembly of
CVD-grown wafer-scale transition-metal dichalcogenide (TMD)
films on SiO,/Si substrates by a vacuum dry transfer method
was reported,l’] however, this method cannot be used in
stacking large area monolayer CVD-graphene films grown on
Cu foils as it has not been possible (to date) to get defect-free
large graphene layers by direct peeling.'® Large-scale CVD-
grown graphene films are usually transferred and stacked by
a wet process using a polymer as a support material.l'”! This
transfer process typically introduces defects within each gra-
phene layer such as cracks and voids, as well as significant resi-
dues on the surface of the graphene.l'¥l As a result, assembling
these wet-transferred graphene layers into a stacked structure
is likely to result in a defective material due to defects in plane
and interstitial contamination between layers. The defects are
detrimental for optimal electrical as well as mechanical and
thermal properties.[!*20]

Here, we have made centimeter-scale crystalline films by
stacking 100 layers of CVD-grown graphene, with the resulting
film demonstrating significantly higher stiffness, fracture
strength, and thermal conductivity than any other macroscale
film composed of only graphene or graphite without other
constituents. The freestanding film sample resulting from
layer-by-layer stacking was subjected to successive annealing
treatments of 400 °C (SG400), 2000 °C (SG2000), and 2800 °C
(SG2800) in Ar for two hours at each temperature (see time—
temperature profile in Figure S1 of the Supporting Informa-
tion), and the evolution from stacked but discrete layers of gra-
phene to a new macroscale synthetic material was studied. The
interstitial contaminants introduced during the stacking pro-
cess were “driven out” by heating to 2800 °C while layer defects
were also repaired. The resulting stacked graphene sample is a
freestanding film with no contaminants between the graphene
layers. Given the polycrystalline graphene used, a stacked
structure should be almost entirely turbostratic. However, we
have found that high-temperature annealing “drove” the for-
mation of some regions toward AB-stacking that resulted in
mixed turbostratic/AB-stacking throughout the sample. This
unique stacking order differentiates the sample from existing
carbon materials (including graphite, glassy carbon, and grown
multilayer graphene). The Young’s modulus, fracture strength,
and in-plane thermal conductivity are higher than any other

Adv. Mater. 2019, 1903039

1903039 (2 of 10)

www.advmat.de

reported macroscale carbon film materials made of solely
graphene or graphite. These results suggest the potential for
applications of such “layer-by-layer assembled” CVD grown
graphene layers.

Because poly(methyl methacrylate) (PMMA) always leaves
a residue on the graphene surface during its removal,['8l
a stacking process that has a single PMMA support layer
on only the top layer of graphene was used, to minimize
the amount of residue between each graphene layer. Our
approach for stacking 100 layers of graphene is shown sche-
matically in Figure la. First, a PMMA support layer was
coated onto a monolayer of polycrystalline graphene grown
on a Cu foil. The copper was etched in an iron chloride
(FeCls) solution and the sample was transferred to water to
attempt to remove any residue from the etching process. The
floating PMMA/graphene was then lifted out of the water by
a second graphene/Cu foil resulting in a PMMA/graphene/
graphene/copper stack. This “etching process followed by lift-
out” was repeated until a stack of 100 graphene layers was
obtained. The PMMA layer at the top was dissolved in ace-
tone and the remaining assembly was heated to 400 °C in Ar/
H, to obtain the stacked graphene (SG400) sample. To heat
the sample to higher temperatures, the SG400 film was trans-
ferred onto a hollow graphite plate such that the SG400 film
spanned the orifice. Heating the sample on a solid substrate
would cause the film to stick and could not be separated for
further study. We found it was not possible to realize the
transfer by the widely used “polymer-assisted” wet transfer
method as the high surface tension of the liquid (water or
acetone) broke the film in the regions it was not supported
by the substrate. Our recently discovered “camphor-enabled”
transfer method was instead used to transfer the film from
Cu foil to the hollow graphite plate successfully as shown in
Figure 1a.’l A solid camphor layer was first deposited on the
SG400 film on a Cu foil as a support, and the Cu was etched
away. After transferring the camphor/SG400 onto the hollow
graphite plate, the camphor was sublimated in air and then
the sample was successively heated to 2000 °C (SG2000) and
then 2800 °C (SG2800). More details are in the Methods sec-
tion in the Supporting Information. The resulting SG2800
is a free-standing thin film about 2.5 cm x 2.5 c¢m in area
and composed of 100 well-stacked graphene layers with a
total sample thickness of =35 nm as shown in i) the scan-
ning electron microscopy (SEM) image (Figure 1D, inset is
the photo of the SG2800 film on a hollow graphite plate),
ii) an atomic force microscopy (AFM) image and the corre-
sponding height profile (Figure 1c), and iii) a cross-sectional
transmission electron microscopy (TEM) image (Figure 1d).
Wrinkles were observed on the film as shown in the SEM and
AFM images and the photo in Figure 1b, which are observed
after heating at 2000 °C on the hollow graphite template and
possibly caused by the shrinkage of the film during heating
in a suspended state. The surface roughness of the film is
21.0 nm RMS as measured by AFM (Table S1, Supporting
Information).

To investigate the structural variation of the stacked gra-
phene film by annealing from 400 to 2800 °C, we first char-
acterized the SG400 sample by cross-sectional TEM with
energy dispersive X-ray spectroscopy (EDX) and electron energy
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Figure 1. a) Schematic of the preparation of the stacked graphene film sample including assembly, transfer, and annealing. b) An SEM image obtained
from the surface of the stacked 100 layers of graphene after heating at 2800 °C (SG2800), and a photo showing the free-standing thin film on a hollow
graphite plate (inset). ¢,d) The AFM (c) and cross sectional TEM (d) images showing the film with a thickness of around 35 nm supported on a Si

substrate (right) with a sputtered carbon protecting layer (left).

loss spectroscopy (EELS), Raman spectroscopy, synchrotron
grazing-incidence wide-angle X-ray scattering (GIWAXS), and
powder X-ray diffraction (XRD).

A TEM cross-section of the stack is shown in Figure 2a—d,
and further in Figure S2 (Supporting Information). At a low
resolution in both bright field (Figure 2a) and high angle
annular dark field (HAADF) images (Figure S3a, Supporting
Information), large variations of contrast were apparent
due to the presence of both voids and metallic nanoparti-
cles throughout the film. A high magnification image of a
region containing a void is shown in Figure 2b. The metallic
particles were characterized by EDX in scanning transmis-
sion electron microscopy (STEM) mode (Figure 2d), and
GIWAXS (Figure 2g-h, and Figure S4a, Supporting Informa-
tion) revealing them to be a mixture of Cu and Fe, arising
from metal salts trapped between the layers that originated
from the reaction between the growth substrate (forming
CuCl,) and the etching solution (FeCl;). The low-temperature
annealing of these metal salts in a reducing environment
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surrounded by carbon resulted in the detection of the metal,
rather than the salt in the X-ray analysis. Carbon K-edge EELS
spectra (Figure S3c, Supporting Information) taken at most
points also showed the sample has a mixture of graphitic
and amorphous regions. The amorphous carbon signature
is likely from “adventitious carbon” in the atmosphere that
rapidly adsorbs on the graphene surface after its removal
from the CVD reactor.222 Regions with well stacked layers
were examined using high-resolution TEM (HRTEM) and
images are shown in Figure 2c and Figure S5 (Supporting
Information), which show an average d-spacing between
the layers of 3.50 + 0.11 A, larger than the value of 3.355 A
from graphite,?3 suggesting turbostratic stacking between
the graphene layers.? GIWAXS and powder XRD meas-
urements (Figures S6 and S7, Supporting Information) also
show a broad (002) peak located at 1.85 A~! (q, GIWAXS) and
25.92° (2-theta, XRD), corresponding to d-spacing values of
3.42 and 3.44 A, respectively (Table 1), similar to turbostratic
carbon (3.43 A).24

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

vertical cut

Intensity (a.u.)

horizontal cut

1 2 3
q (A

Figure 2. Characterization of the stacked graphene sample treated at 400 °C (SG400). a—c) Cross-sectional bright field TEM image (a), with labeled
regions further magnified showing a void (b) and the layered graphene structure (c). d) High-angle annular dark-field (HAADF) image and energy-
dispersive X-ray images in scanning transmission electron microscopy mode (STEM EDX elemental maps) showing the presence of C, Cu, and Fe
in the film. e) Raman maps of the intensity ratio of D band to G band (Ip/Ig,) and f) peak position of the 2D band for SG400. g) Grazing-incidence
wide-angle X-ray scattering (GIWAXS) 2D pattern of SG400 on a sapphire substrate. h) 1D X-ray scattering patterns from the vertical and horizontal

line cuts indicated on the 2D GIWAXS pattern.

The Raman spectrum (Figure S8, Supporting Information)
and map of the intensity ratio of the D to G bands (Ip/Ig)
(Figure 2e) show that basal plane defects are present in SG400,
generated during the transfer and stacking process since no
D band was observed on the pristine monolayer graphene
as-grown on Cu foils. A map of the 2D band peak position is
shown in (Figure 2f, and Figure S9, Supporting Information)
and displays an average position of 2674 cm™!, which is typical
for single-layer graphenel®! and =20 cm™ lower than the value
typical for turbostratic stacked graphene layers.2®l The SG400
sample consists of very weakly interacting graphene layers due
to both interstitial contamination and the turbostratic stacking
(as a result of the micrometer-sized grains of each graphene
layer stacking with a random orientation with respect to the
directly adjacent layers) results in a 2D peak position closer to
that of single-layer graphene rather than turbostratic graphite.

From our analysis it is clear that the pristine stacked gra-
phene sample obtained by wet transfer and stacking contain a
significant number of defects and contamination from intersti-
tial adventitious carbon and metal nanoparticles. In an attempt
to remove the interstitial contamination and basal plane defects

Table 1. Measured interlayer spacing of graphene layers in each sample by XRD methods

(laboratory diffraction instrument, synchrotron source).

we subjected the SG400 film to further annealing. First, SG400
was annealed in Ar at 2000 °C for 2 h (SG2000). SG2000 was
then annealed (thus, a second time) at 2800 °C for 2 h (SG2800).

The TEM cross-section images of $G2000 (Figure 3a—d, and
Figure S10, Supporting Information) show that voids and metal
particles are present in lower concentrations than in the SG400
sample. The graphene layers are seen to be spatially diverging in
many regions near the regions of contamination. In contrast to
the SG400 sample, the graphene layers can be seen more clearly
in the TEM image and exist over thicker regions indicating that
the annealing has improved interfacial contact between the
layers; we attribute this to the removal of significant amounts
of interstitial adventitious carbon. This is confirmed by the
sharp discrete carbon K-edge in EELS (Figure S11, Supporting
Information) as it displays a much more graphitic signature
for the stacked graphene layers in SG2000 as compared to
SG400. XRD analysis (Figure S7, Supporting Information)
and HRTEM images (Figure S12, Supporting Information)
show the average interlayer spacing decreased to 3.41 and
3.39 + 0.11 A, respectively. Further analysis of GIWAXS
(Figure 3g,h, and Figure S13, Supporting Information) data on
SG2000 revealed clear diffraction from the
(002) as well as the (004) planes suggesting
long range 00! order, as well as the pres-
ence of in-plane “graphite” (100) and (110)

Sample XRD d-spacing [A] GIWAXS d-spacing [A]  (002) FWHM (26)? L. [nm]? planes that were absent from the SG400
SG400 3.44 3.42 1.54 5.24 sample. The angular broadening of the (100)
$G2000 3.41 3.42 0.97 8.3 and (110) planes in the 2D GIWAXS image
O 336 339 0.46 18 shows that there is a large range of (local)

layer-to-layer orientations in the sample.
HOPG (SP-1) 3.36 3.37

Regions in the TEM cross-section images

AFWHM values are reported from the laboratory XRD data; YL, values are calculated using the Scherrer

equation from the (002) FWHM.
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show voids and “spatially diverging” stacked
graphene layers, and the latter is the reason
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Figure 3. Characterization of the sample heated at 2000 °C in Ar for 2 hours (SG2000). a—c) Cross-sectional TEM image (a), with labeled regions
further magnified showing a void (b) and a region with graphitic layer structure (c). d) HAADF and STEM-EDX elemental maps indicating that C and
Cu are present in the film. e,f) Raman maps of the intensity ratio of D to G bands (Ip/lg) (e) and the peak position of the 2D band for SG2000 (f).
g) GIWAXS scattering 2D pattern of SG2000 on a sapphire substrate. h) 1D X-ray scattering patterns from the vertical and horizontal line cuts indicated

on the 2D GIWAXS pattern.

for the angular broadening of the (002) plane observed in the
GIWAXS image. Statistical analysis of the Raman spectra
(Figure 3e,f, and Figure S8, Supporting Information) revealed
that the Ip/Ig ratio is lower than in the SG400 sample, dem-
onstrating that annealing “healed” a significant fraction of
the defects present in the basal plane. The average peak posi-
tion of the 2D band in SG2000 also increased to 2697 from
2675 cm™! in the SG400 sample. The high-temperature treat-
ment at 2000 °C has shifted the 2D peak position from a
value close to single-layer graphene to a value observed in
turbostratic graphite samples!?’! suggesting annealing has
increased the interlayer interaction between the stacked layers.
This is further confirmed by the analysis of the second-order
Raman modes which show features of turbostratic stacking
(Figure S14, Supporting Information).[282°]

When the SG2000 sample was heated to 2800 °C for 2 h, TEM
cross-section images and elemental mapping (Figure 4a—d, and
Figure S15, Supporting Information) show that the contami-
nation and the voids in the structure were removed, and the
graphene layers were now closely stacked and close to parallel
throughout the entire cross-section in the checked regions.
The carbon EELS spectrum (Figure S16, Supporting Informa-
tion) shows a very graphitic signature similar to that of highly
oriented pyrolytic graphite (HOPG)B% which suggests that
the interstitial carbon contamination observed in the samples
heated at lower temperatures had been removed or graphitized.
While we cannot conclusively rule out sp® formation, none of
our analysis suggests that it is present in a quantity that could
affect the material properties. The boiling points of Cu and Fe
are 2567 and 2750 °C, respectively, and so metal particles are
likely converted to atoms or small clusters that are driven out of
the film at 2800 °C, also allowing the graphene layers to more
closely stack.

Adv. Mater. 2019, 1903039
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The Raman map in Figure 4e shows a very low Ip/Ig
value, on average less than 0.05, suggesting that struc-
tural defects were also repaired for the heating at 2800 °C.
The 2D band of the Raman spectrum is very sensitive to
the stacking configuration of the layers.Bll In turbostratic
graphite (incommensurate stacking), the 2D band exists
as a single symmetric peak, which splits into an asym-
metric peak in hexagonal graphite.’”] With regions of tur-
bostratic and AB stacking order, the fraction of AB stacking
order can be estimated by fitting the 2D band with 3 Lor-
entzian peaks (2 for AB stacked graphite (2D;: =2680 cm™,
and 2D,: =2720 cm™) and one for turbostratic graphite
(2Dg: 2700 cm™) (Figure S17, Supporting Information).’’!
The degree of AB stacking at each Raman data point is
then assigned as 2D, / (2D, + 2Dy). Peak areas are used
here. From the maps and histogram in Figure 4f and Figure
S18 (Supporting Information), respectively, the fraction of
AB stacking in these samples is thereby found to be in the
range of 0.3-0.5. From this analysis it is clear that the 2800 °C
annealing caused some regions in the sample to undergo a
rearrangement to form AB stacking. In regions of the sample
which contained a large fraction of AB stacking as indicated
by 2D band deconvolution, we observed a strong “oTO” band
(=1750 cm™, the out-of-plane transverse optical phonon) and
suppressed ““TALO” band (=1860 cm™', combination of the
in-plane transverse acoustic and the longitudinal optical pho-
nons) in the second order region of the spectrum whilst in
regions of the sample which were mostly turbostratic, the
attenuated “oTO” band and stronger “iTALO” band further
confirm the turbostratic stacking (see Figure S14 in the Sup-
porting Information).?®#2% We also exfoliated the SG2800
sample using the “scotch tape” method to prepare samples
with a few layers for observing the stacking order between the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Characterization of the stacked graphene sample heated at 2800 °C in Ar for 2 h (SG2800). a) Cross-sectional bright field TEM image,
and b,c) magnified images show the well-stacked graphene layers. d) HAADF and STEM-EDX elemental maps indicating the film is composed of
carbon without Cu and Fe. €) Raman map of Ip/lc. f) Map of the fraction of AB stacking order from the fitted 2D band. g) Synchrotron GIWAXS
scattering 2D pattern of SG2800 on a sapphire substrate. h) 1D X-ray scattering patterns from the vertical and horizontal line cuts indicated on the

2D GIWAXS pattern.

graphene layers using dark-field TEM analysis (Figure S19,
Supporting Information).3?734 Similar to the results of the
Raman analysis, some regions displayed turbostratic stacking
while other regions displayed AB stacking. While the exact
mechanism of this transformation from turbostratic to AB
stacking is unclear, it seems unlikely that (only) layer rota-
tion, even if localized in small regions, can occur. There may
be other effects occurring. Both iron and copper, well known
graphitization catalysts,*! were detected in samples annealed
at 2000 °C, but disappeared at 2800 °C. Their removal may be
associated with a catalytic transformation to AB stacking (that
is, covalent bond-breaking and bond-making). Also, the rate
of self-diffusion of carbon at 2800 °C is not insignificant.3¢37]
At regions of thermodynamic instability such as overlapping
grain-boundaries or basal plane defects, there could be a
transformation to an AB stacked structure caused by the self-
diffusion of carbon atoms. To compare this behavior with the
structural evolution of other types of carbon materials upon
heating, we prepared two thin films that were heat treated to
2800 °C under the same conditions as SG2800. A graphitiz-
able thin film polymer (SU-8) which when heated develops
graphitic structural units that grow and fuse in stages as the
temperature increases,*®*" and a graphene oxide (G-O) thin
film which already possesses graphitic in-plane structure
due to it being derived from graphite, but in small microm-
eter-sized flakes. The G-O film represents an intermediate
structural state between the graphitizable polymer and the
$G2800, which has an entire graphitic plane developed in
each layer. Eight Raman spectra from random regions on
each film were averaged and the 2D bands were fitted as
shown in Figure S20 (Supporting Information). The heated
SU-8 film shows a 2D feature typical for AB graphite, while
the heated G-O shows predominantly AB stacking with a
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small 2Dy peak, indicating that there is a much lower energy
barrier for precursors with smaller graphitic units to trans-
form to AB stacking.

X-ray scattering analysis (Figure 4gh, and Figures S6, S7,
and S21, Supporting Information) of the SG2800 sample also
indicates significantly increased order in the ¢ axis direction
as the (002) and (004) diffraction peaks are narrower than for
$G2000. This was true of all other observed diffraction peaks
indicating that the graphene layers became more ordered.
A faint reflection in the 2D pattern from the (101) plane also
appeared confirming the AB stacking order indicated by
Raman spectra in some regions but its low intensity and the
lack of higher order (10l) peaks suggest the AB stacking regions
are randomly distributed throughout the sample and may not
persist through many layers. A lower interlayer spacing was
observed for SG2800 with GIWAXS giving a value of 3.39 A,
while powder XRD and HRTEM gave values of 3.36 and
3.37 + 0.13 A, respectively (Figure S22, Supporting Informa-
tion), similar to the value of 3.36 A for HOPG.

The stress—strain relationship for SG2800 was first evaluated
using in situ SEM microtensile testing as shown in Figure 5a,b
and Figure S23 (Supporting Information). Three specimens were
examined and the results are shown in Table S2 (Supporting
Information). The typical stress—strain curve in Figure 5b shows
brittle fracture of the sample with a fracture strength of 5.8 GPa.
It is noted that the initial nonlinear region in the stress—strain
curve is possibly caused by the nonideal alignment between the
specimen and the as-applied tensile force directions, and also a
“straightening” process happening in the beginning of the ten-
sile loading. By measuring the slope of the curve in the linear
region, a Young’s modulus of 260 GPa was obtained, and the
fracture strain was 2.2%. The average values for Young’s mod-
ulus, fracture strain and strength from three measured SG2800

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) SEM images showing the microscale SG2800 film under a uniaxial tensile load on a push-to-pull (PTP) device before and after specimen
fracture. b) A typical stress—strain plot for SG2800 as obtained from the microscale tensile test. c) Images showing the macroscale polycarbonate film
supported SG2800 film (PC-SG2800) under a uniaxial tensile load on a DMA instrument before and after specimen fracture. d) An extracted stress—
strain plot for SG2800 as obtained from the macroscale tensile test. e,f) Comparison of Young's modulus and strength for a set of film materials
made of solely graphene or graphite with no other constituents. g) Numerical simulation results detailing the relationship between sample thermal
conductivity and 6 using various laser spot sizes. The dot-dashed line highlights 6 as measured for SG2800 and the dashed line indicates the thermal
conductivity range based on laser spot size uncertainty. h) Comparison of thermal conductivity for a set of carbon materials with $G2800.
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samples are 260 + 30 GPa, 1.9 £ 0.3%, and 4.8 + 1.0 GPa, respec-
tively, and the highest values are respectively 290 GPa, 2.2%, and
5.8 GPa; this synthetic crystalline graphitic material thus has a
high fracture strength and a high value of Young’s modulus, for
a film material—at this length scale of a few micrometers.

A macroscale tensile test of SG2800 was also conducted
as shown in Figure 5c,d. Due to the =35 nm thickness of
$G2800, the measurement of a freestanding macroscale film
is challenging. A camphor-enabled transfer method for tensile
testing of large-scale ultrathin films was recently invented by
our group,? and it was used to measure the properties of the
thin SG2800 films. A polycarbonate (PC) film with thickness
of 240 nm was used as a support and the details are in the
Methods section (Supporting Information). Three sam-
ples with geometry of =4 mm x 1 mm (length x width)
were measured, see Tables S2 and S3 and Figure S24 in
the Supporting Information. The average values from three
measured samples for Young’s modulus, fracture strain,
and strength for macroscale $G2800 are 51.1 + 9.30 GPa,
1.96 + 0.90%, and 0.51 £ 0.17 GPa, respectively, and the
highest values are respectively 62 GPa, 3.0%, and 0.70 GPa.
The decreased mechanical performance of the millimeter-
scale samples with respect to the microscale samples is pos-
sibly due to rare regions of discontinuity in the planar direc-
tion of the stacked graphene layers, which cause mechanical
failure at lower strengths but were avoided in our microscale
samples. These discontinuous graphene layers could be gen-
erated during transfer (voids generated) and heat treatment
processes, and thus are likely a cause of the lower stiffness
and strength of the material at macroscale.*? A Weibull
analysis on the strength of the 3 samples is shown in Figure
S25 (Supporting Information). The Weibull modulus for the
microscale tested samples is 6.0, and is 2.3 for the macro-
scale tested samples. Since the Weibull modulus describes
the variability in the measured strength of the materials, and
higher values indicates lower variability, the microscale sam-
ples thus have more uniformly distributed defects/voids than
the macroscale samples, which results in higher strength in
the tensile measurements. (A caveat here is that typically
=20 samples are used for Weibull analysis. The challenge
of making even 3 samples precluded such a large sample
number.).

Although the macroscale films exhibited lower mechan-
ical performance than the microscale films, the tensile mod-
ulus and strength are still much higher than those reported
for other macro-scale carbon film materials made of solely
graphene or graphite with no other constituents, e.g., flex-
ible graphite foil prepared by rolling of expanded graphite,?
HOPG,*7# 1000 °C reduced G-O paper, and G-O paper first
hot-pressed at 2000 °C and then annealed at 2750 °C for
1 h (Figure 5e,f; Table S4, Supporting Information).”) We sug-
gest that the enhanced mechanical properties of these films is
due to the boundary of each graphene domain (2D grain) not
overlapping with a domain boundary (i.e., grain boundary) in
its adjacent layers, greatly inhibiting failure propagation. This
contrasts to graphite materials with 3D grains in that mechan-
ical failure at a grain can cause a cascading effect through
the thickness. Moreover, the large graphene films guarantee
the force transfer during stretching and thus a more uniform
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force distribution as compared with the graphite or graphene
flakes composed films, where the discrete nature of the gra-
phene particles inhibits the efficient force transfer and may
lead to the local concentration of force and fast failure of
the material. The gauge length of the samples used for ten-
sile measurements is summarized in Table S5 (Supporting
Information).

Besides stiffness and strength, the sheet resistance for
the samples was also evaluated from the current—voltage
curves in Figure S26 (Supporting Information), as 880 Q sq~!
(SG400), 350 Q sq~' (SG2000), and 130 Q sq~! (SG2800).
For mechanically exfoliated graphene with around 100
layers from HOPG, the reported sheet resistance was =100
Q sq LI Considering the thickness of the film of 35 nm,
the in-plane electrical conductivity is 2.2 x 10> S m~!, com-
parable to HOPG (=10° S m™)*?l and rG-O films reduced
at 2750 °C (2.2 x 10> S m™),I% and higher than the graphite
films made of compacted graphite powder (10*~10> S m™),[*3
G-O films (0.1 S m™),”l and chemically reduced G-O films
(=10> S m™).*l The thermal conductivity of the films was
also evaluated by the Raman optothermal technique,['”) using
an accurate numerical solution of the heat diffusion equa-
tion for the entire sample (Figure S27, see also the Methods
in the Supporting Information).”] From Figure 5g, the
graphene films reveal an exceptionally high thermal con-
ductivity of 2292 £ 159 W m™ K'! at room temperature by
considering the heat transport both on the sample surface
and through the film thickness. The measured thermal con-
ductivity is higher than graphite and high-temperature- and
high-pressure-treated graphene films, including graphite
foil, ) expanded graphite,*®) commercial pyrolytic graphite,*’]
HOPG,™ G-O paper pressed, and heat treated at 2750 or
3000 °C,>* G-O/CNT composite film or hydroxylated gra-
phene film heat treated at 2800 °C**°% (Figure 5h and Table
S6, Supporting Information). The superb in-plane thermal
conduction properties have been attributed to the high-
quality defect-free individual layers of graphene used in the
layer-by-layer assembly of the films. The high thermal con-
ductivity of the films, coupled with their excellent mechanical
properties, large lateral dimensions and precisely controlled
thickness, open up possibilities for thermal management
applications as heat spreaders and thermally conductive
coatings.

Our work makes several critical contributions: i) this is the
first work to prepare a self-standing macroscopic carbon film
made of only large area CVD-graphene materials, and this
method can be extended to other 2D materials; ii) this mate-
rial is a new graphitic structure which has mixed turbostratic
and AB stacking modes between highly aligned large gra-
phene layers, resulting in a unique structure that separates it
from all existing carbon materials including natural graphite,
turbostratic carbon, or CVD-grown multilayer graphene sam-
ples; iii) the macroscopic film has significantly higher stiffness,
strength, and thermal conductivity than any other macroscale
films composed of solely graphene or graphite, and also high
electrical conductivity. We have recently achieved CVD growth
of large area single crystal graphene and the stacking of such
single crystal layers will be the subject of future work. Other
groups have also developed CVD methods for growth of single
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crystals of other 2D materials such as h-BN, MoS,, MoSe, (and
others) and we believe such stacking approaches could generate
significant interest for making “synthetic crystalline films”
of other 2D material superlattices that are unobtainable by
standard synthesis methods.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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