2D Materials

PAPER « OPEN ACCESS

Determination of the elastic moduli of CVD graphene by probing
graphene/polymer Bragg stacks

To cite this article: Bohai Liu et al 2021 2D Mater. 8 035040

View the article online for updates and enhancements.

This content was downloaded from IP address 91.62.12.25 on 28/05/2021 at 08:57


https://doi.org/10.1088/2053-1583/abfedb

I0P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
8 January 2021

REVISED
7 April 2021

ACCEPTED FOR PUBLICATION
7 May 2021

PUBLISHED
26 May 2021

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

2D Mater. 8 (2021) 035040

2D Materials

https://doi.org/10.1088/2053-1583/abfedb

PAPER

Determination of the elastic moduli of CVD graphene by probing
graphene/polymer Bragg stacks

Bohai Liu"’ @, Christos Pavlou™*©, Zuyuan Wang>’, Yu Cang’, Costas Galiotis™** () and George Fytas™"*

—

Center for Phononics and Thermal Energy Science, China-EU Joint Center for Nanophononics, School of Physics Science and
Engineering, Tongji University, Shanghai 200092, People’s Republic of China

Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany

Institute of Chemical Engineering Sciences, Foundation of Research and Technology-Hellas (FORTH/ICE-HT), Stadiou Street,
26504 Platani, Patras, Greece

4 Department of Chemical Engineering, University of Patras, 26504 Patras, Greece

5 School of Aerospace Engineering and Applied Mechanics, Tongji University, 100 Zhangwu Road, Shanghai 200092,

People’s Republic of China

Institute for Measurement and Automation, Division of Sensor Technology and Measurement Systems, Bundeswehr University Munich,
Werner-Heisenberg-Weg 39, 85579 Neubiberg, Germany

* Authors to whom any correspondence should be addressed.

=N

E-mail: c.galiotis@iceht.forth.gr, galiotis@chemeng.upatras.gr and fytas@mpip-mainz.mpg.de

Keywords: CVD graphene, elastic/shear moduli, Brillouin light spectroscopy, wrinkles, poly(methyl methacrylate), Bragg stacks

Supplementary material for this article is available online

Abstract

Graphene has been widely used in the form of micro-flakes to fabricate composite materials with
enhanced mechanical properties. Due to the small size of the inclusions and their random
orientation within the matrix, the superior mechanical properties of graphene cannot be fully
exploited. Recently, attempts have been made to fabricate nanolaminate composites by interleaving
large sheets of chemical vapor deposition (CVD) monolayer graphene between thin layers of
polymer matrices. However, CVD graphene is inevitably accompanied by wrinkles that are formed
in the synthesis process, and it remains unknown how the wrinkles affect the mechanical
properties of graphene. Here, we employ Brillouin light spectroscopy to study the elastic moduli of
CVD graphene by probing graphene/poly(methylmethacrylate) hybrid Bragg stacks at zero strain.

We find the Young’s and shear moduli of the CVD graphene, which has wrinkles in the form of
sharp elevations with a height of about 6 nm and a fullwidth at half maximum (FWHM) of ca.
30 nm, to be 680 £ 16 and 290 + 10 GPa, respectively, with the former being about 30% lower
than that of exfoliated, flat graphene. This work sheds light on the elastic properties of CVD
graphene and provides a method that can be extended to studying the wrinkle-induced softening

effect in other two-dimensional materials.

1. Introduction

The unique hexagonal sp? C-C bonds endow
graphene with remarkable physical properties,
including extremely high thermal conductivity [1],
electron mobility [2], and intrinsic strength [3]. Ever
since its first fabrication by mechanical exfoliation
[4], graphene has attracted extensive attention in
the materials research community. For the mechan-
ical properties, exfoliated suspended graphene has
a Young’s modulus of 1 £+ 0.1 TPa, and a breaking

© 2021 The Author(s). Published by IOP Publishing Ltd

strength of 42 N m~! [3]. On the theoretical side, a
Young’s modulus of 1050 GPa and a tensile strength
of 110 GPa were reported [5].

The superior mechanical properties of graphene
have made it an ideal filler to reinforce polymer
materials [6-9]. To realize reliable functional mater-
ials, mass production and large-scale integration
of graphene are prerequisites. Fortunately, chemical
vapor deposition (CVD) has emerged as a promising
solution [10-12], which perfectly satisfies the require-
ments and has been widely applied in graphene-based
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composites [13, 14]. However, multiple grain bound-
aries and atomic defects in CVD graphene can deteri-
orate its properties [ 15], such as the intrinsic strength,
as the motion of dislocations is interrupted by these
defects [16]. Furthermore, due to the thermal expan-
sion mismatch between graphene and the copper
substrate, severe biaxial stresses are developed on
CVD graphene as it cooled from approximately
1000 °C down to ambient temperature. These stresses
are relaxed by the formation of a network of folds
that form a mosaic structure as seen in many atomic
force microscopy (AFM) images [17, 18]. Addition-
ally, CVD graphene typically replicates the topo-
graphy of the substrate. All of these can often intro-
duce out-of-plane wrinkles [19-22].

The elastic properties of CVD graphene have been
theoretically and experimentally investigated. Theor-
etically, it has been shown that wrinkles play a domin-
ant role in softening CVD graphene membranes [23].
The wrinkle-induced effect has been experimentally
measured by Raman spectroscopy [24] and nanoin-
dentation using AFM [25]. The latter addresses a
small area under the AFM tip, and the highly non-
uniform strain distribution over the sample can result
in large spatial fluctuations of the two-dimensional
elastic modulus. The former determines the strain-
induced shift of the characteristic G and 2D Raman
peaks of graphene [26, 27], and this allows the estim-
ation of the elastic modulus via the Gruneisen para-
meters and the Poisson’s ratio of the substrate [28].
For CVD graphene, however, the Raman wavenum-
ber shifts with strain for both G and 2D peaks are
markedly lower than those obtained from exfoliated
graphene which indicate that the CVD modulus must
be lower than the quoted modulus of ~1 TPa for
monolayer graphene [27].

Despite the several aforementioned studies on
the elastic properties of CVD graphene, a compre-
hensive understanding of the wrinkle-induced soften-
ing effect on the elasticity is still lacking. To tackle
this problem, noncontact measurements of large-
area CVD graphene appear to be an effective way
for a quantitative study, particularly at zero strain.
To the best of our knowledge, no such study has
been reported in the literature. As a non-contact,
non-destructive technique, Brillouin light spectro-
scopy (BLS) detects thermally excited phonons in
the gigahertz range, whose frequencies are directly
related to the elastic moduli. It has been utilized to
determine the elastic modulus of laminated materials,
including poly(methyl methacrylate) (PMMA)/SiO,
Bragg stacks [29], clay/polymer Bragg stacks [30],
and polycarbonate/PMMA (PC/PMMA) multilayer
films [31]. Here, we employ BLS to study the
wrinkle-introduced effect on the elastic moduli of
CVD graphene by probing CVD graphene/PMMA
(Gr/PMMA) Bragg stacks. From the BLS measure-
ments, we directly obtained the sound velocities of the
longitudinal acoustic (LA) phonons for both PMMA
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and the Gr/PMMA stacks. We conducted phononic
band structure calculations using the Young’s modu-
lus of the CVD graphene as an adjustable parameter.
We also performed tensile tests to compute the stiff-
ness of the Gr/PMMA stacks in the axial direction at
moderate strains and compared the results with those
from the BLS experiments.

2. Methods

2.1. Preparation and characterization of CVD
Gr/PMMA multilayer stacks

Graphene growth was performed in a commercial
CVD reactor (AIXTRON Black Magic Pro, Germany)
on 7 cm x 7 cm copper sheets (JX Nippon Min-
ing & Metals, 35 pm thick, 99.95%). The pro-
duced graphene on the copper foil of dimensions
20 mm x 35 mm was coated with PMMA solution in
anisole (495 PMMA, Microchem) to produce PMMA
solid films via spin coating [32]. The spinning condi-
tions and the solution concentrations, listed in table 1,
were optimized accordingly to produce the desired
thickness of the Gr/PMMA films. Then, the sample
was allowed to float on a 0.15 M aqueous etchant
solution of ammonium persulphate (APS) to etch
away the copper substrate. After copper etching, the
floating Gr/PMMA membrane was thoroughly rinsed
with deionized-double distilled water until the APS
solution was fully replaced. Then the floating film was
deposited on another Gr/PMMA layer on a copper
foil (which serves as the sacrificial substrate for the
repetitive film depositions) by removing the water,
as detailed elsewhere [32]. The deposited film was
dried at 40 °C for several hours, and then it was post-
baked at 150 °C for 5 min on a hot plate. This pro-
cedure was repeated until the desired number of lay-
ers was achieved. To separate the Gr/PMMA stacks
from the copper substrate, a similar APS solution was
used as described above. We prepared three samples
with different graphene volume fractions, which
are labeled as Gr(0.2)/PMMA, Gr(3.3)/PMMA, and
Gr(5.1)/PMMA, respectively. The number of stack-
ing periods and the corresponding volume fraction of
graphene are shown in table 1.

2.2.BLS

It is well known the elastic modulus is coupled with
the acoustic sound velocity near the I' point in the
first Brillouin zone [33, 34]. In this study, we applied
BLS to determine the sound velocity of the Gr/PMMA
Bragg stacks. In a typical BLS experiment, the phonon
wave vector q = ks — kj, where k; and k; is the wave
vector of the scattered and incident light, respect-
ively. A laser with a wavelength of 532 nm was util-
ized to probe the phonons, and the scattered light was
detected by a six-pass tandem Fabry—Perot interfer-
ometer. The LA phonon can be observed in the VV
spectra, where V denotes a vertical polarization with
respect to the scattering plane defined by k; and k.
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Table 1. Structural characteristics of the three Gr/PMMA Bragg stacks.

Thickness of
Number of one PMMA Volume fraction
Specimen code PMMA layers layer (nm) Solution wt% RPM of graphene (%)
Gr(0.2)/PMMA 6 1500 11 3000 0.02
Gr(3.3)/PMMA 15 100 1000 0.33
Gr(5.1)/PMMA 25 66 2 2000 0.51

Using a VV polarization configuration, we conduc-
ted measurements in the transmission (with a scat-
tering angle, § = 90°) and backscattering geometries
to detect the LA phonon mode in the in-plane (par-
allel to the sample films) and cross-plane (normal to
the sample films) directions, respectively. Because of
light absorption [35], graphene can convert part of
the incident light energy to heat, which can lead to
melting of PMMA and even burning of the stacks. To
avoid any hotspot, we installed a filter in front of the
specimens to control the incident power, which was
measured by an optical power meter (Newport Model
1961 C).

2.3. Tensile test

Tensile tests were performed on a micro-tensile tester
equipped with a 5 N load cell (MT-200, Deben UK
Ltd, Woolpit, UK). The specimens were strips of
dimensions of 35 mm x 1 mm in length and width,
respectively. The thickness of the films was evalu-
ated using a digital micro-meter with a resolution of
0.1 pm (Mitutoyo, Japan). The mean film thickness
was calculated based on ten measurements within the
gauge length area. During the tensile test, the two ends
of the strip were fixed to a 25 mm x 25 mm paper
frame by using a two-part cold curing epoxy resin. A
paper frame was utilized to prevent any early failure
within the gripping zone. The tests were carried out at
room temperature at a strain rate of 0.008 min—'. The
stress and strain values were extracted from the recor-
ded load and displacement raw data. The estimation
of the Young’s modulus was obtained by the mean val-
ues of at least ten samples for each graphene content,
and the experimental errors are the deviation from
the mean values. The analysis was performed by using
linear regression of the initial linear part of the stress—
strain curves.

2.4. Raman characterization

Raman mapping was performed on an area of
50 pm x 50 pm by acquiring spectra at steps of
2 pm. A Renishaw Invia Raman Spectrometer with
2400 and 1200 grooves mm ! grating for the 514 nm
laser excitation and a 100x lens with an numerical
aperture (NA) of 0.85 and working distance (WD)
of 1.0 was used to evaluate the quality of the Gr on
macroscale nanolaminates. The laser power was kept
below 1 mW to avoid overheating the specimens. All
Raman peaks were fitted with Lorentzian functions,

and the spectroscopic parameters (peak position and
FWHM) were recorded at each position on the film.

3. Results

3.1. Characterization of the Gr/PMMA stacks

Figure 1(a) shows the AFM image of the investig-
ated CVD graphene, which was placed on a Si/SiO,
wafer surface by using the lift-off/float-on deposition
process (figure S1 (available online at stacks.iop.org/
2DM/8/035040/mmedia)). The wrinkles introduced
by the synthesis process can be clearly seen in figure
S5 by the AFM line scan, and correspond to sharp
elevations of a maximum height of 6 nm and an aver-
age FWHM of ca. 30 nm. The stacks were then fab-
ricated by the wet transfer method, and the corres-
ponding SEM image of Gr(0.2)/PMMA is shown in
figure 1(b). Raman spectroscopy and X-ray diffrac-
tion pattern (XRD) were employed to evaluate the
quality of the graphene layers during the sample pre-
paration. In figure 1(c), two representative spectra
from single and multi Gr/PMMA layers are presen-
ted. It is evident that the G and 2D peak intensities
for multi Gr/PMMA layers are higher due to the con-
tribution of multiple graphene layers to the spectrum.
As estimated from the Raman wavenumber contours
in figure S2, after the first deposition, the 2D peak was
found to be slightly blue shifted due to the compress-
ive fields generated (around 0.04%, figure S3(a)) dur-
ing the polymer thin film preparation [36]. The other
spectroscopic characteristics of graphene spectrum
correspond to typical values obtained from a single
layer CVD graphene with an FWHM of ~33 cm™!
for the 2D peak and an intensity ratio, I(2D)/I(G),
of ~2.3 (figure S3(a)) [37, 38]. Raman spectra were
acquired during each deposition, and only minor
spectral changes were observed vis-a-vis the first
deposition. In figure S3, the contours of 2D peak,
the FWHM of 2D peak, and the I(2D)/I(G) ratios
are presented. A small broadening of the 2D peak
may be attributed to the expected slight wavenum-
ber variations between each graphene layer within the
sampling volume [8]. According to a previous study,
both G and 2D peaks undergo red-shift and their
FWHMs can be broadened by increasing the average
wrinkle height and their FWHMs as well [39]. The
nearly unchangeable G and 2D peak positions with
their FWHMs of Gr/PMMA stacks in our case indic-
ate that no residual stresses are developed during the
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Figure 1. Characterization of the Gr/PMMA multilayer stacks. (a) AFM image of the CVD graphene with a maximum wrinkle
height of ~6 nm. The scale bar is 740 nm. (b) Side view of Gr/PMMA(0.2) under SEM where the lateral structure can be seen.
The scale bar is 100 zm. (c) Representative Raman spectra collected from a single (bottom) and multiple (top) graphene/PMMA
layers. Asterisks mark the spectroscopic features of PMMA. The vertical dashed lines mark the robust peak during the wet transfer
(i.e. lift-on and float-off) process [41]. (d) XRD pattern for Gr/PMMA(0.2). The highest peak denotes the characteristic peak of

Intensity (a.u.)
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wet transfer/ solidification process. Figure 1(d) dis-
plays the XRD pattern of Gr(0.2)/PMMA in the 20
range from 10 to 70°, which apparently shows the
characteristic peaks for both graphene and PMMA.
Known as an amorphous polymer, PMMA has the
three broad peaks at 20= 13.8°, 31.8° and 40°, in
which the first reflects the ordered packing of polymer
chains, and the second and third denotes the order-
ing inside the main chains, respectively [40]. The peak
at 20 = 24° denotes the (200) face of graphene and
the corresponding d-spacing is 3.7 A. Upon mul-
tiple depositions of Gr/PMMA layers, a slight increase
of the I(D)/I(G) ratio vis-a-vis a single Gr/PMMA
layer is observed; revealing a minor inducement of
structural defects by the sequential assembly of the
Gr/PMMA hybrid Bragg stacks (figure S4). It is clear
from the contours (figures S2 and S3) and the XRD
pattern that the graphene quality was not seriously
affected by the sample preparation since the spectral
characteristics are similar to those obtained for the
single layer.

3.2. Elastic modulus of CVD graphene from BLS

Figure 2 shows exemplary polarized BLS spectra
(anti-Stokes side) of Gr(0.2)/PMMA recorded at
a constant ¢ = 0.0167 nm™'; the corresponding

BLS spectra for pure PMMA, Gr(3.3)/PMMA, and
Gr(5.1)/PMMA are shown in figures S6-S8. The
peak position of the spectra defines the frequency
of the longitudinal phonon referring to the effect-
ive medium acoustic phonon in the Gr/PMMA Bragg
stack. As a dispersive medium, PMMA exhibits fast
segmental dynamics at elevated temperatures well
above its glass transition temperature (around 380 K).
Under ambient conditions, the sound propagation
is dissipation free [42]. Conversely, the sound velo-
city in Gr is nearly independent of temperature in
the range of 300-500 K [43], which covers the local
temperatures in our experiments. The relatively stable
sound velocity of graphene allows us to measure
it by probing the Gr/PMMA stacks. Therefore, the
red shift of the LA frequency in the two scatter-
ing geometries is simply attributed to the decreas-
ing sound velocity of PMMA with increasing laser
power.

Figures 3(a) and (b) show the power-dependent
longitudinal sound velocity in the in-plane ()
and cross-plane (c, ) direction, respectively. For
Gr(5.1)/PMMA, ¢ || = %2/, are 3070 and 2434 m s~
at P = 1.66 and 6.85 mW, respectively. When
the incident power exceeds a threshold, a sharper
decrease of cp | is observed. By linear fitting of the

4
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Figure 2. Brillouin light scattering spectra of Gr(0.2)/PMMA. The exemplary spectra recorded in the (a) transmission and
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(b) backscattering geometries are represented by single Lorentzian peaks (red and blue curves). VV denotes a vertical polarization
configuration of the incident and scattered light with respect to the scattering plane of k; and k; (schemes in the top panels). At a
higher incident power, a clear red shift of the peak position is observed in both geometries. In the schematics, the thermally
excited phonons are probed by the incident light with a wave vector k;, and the scattered light has a wave vector k. The phonon

wave vector is § = ks — k;. The grey and black sheets denote PMMA and CVD graphene layers, respectively.

a b c
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Figure 3. Longitudinal sound velocity, cp of the CVD graphene/PMMA hybrid Bragg stacks. The variation of ¢1, in-plane, and
cross-plane phonon propagation with the incident laser power are shown in (a) and (b), respectively. The PMMA is in the glassy
(rubbery) state at laser powers lower (higher) than the value at the kink. The intercepts (at P = 0 mW) of the linear fits to the data
denote the sound velocities of the samples at 295 K. The dashed lines are linear fits to the data. (c) The effective in-plane ¢y || and
cross-plane ¢ | as shown schematically in the inset, are plotted as a function of the graphene volume fraction percentage. The
circles (squares) data symbols denote the in-plane (cross-plane) ¢;, and the two lines are guide to the eye. The black dashed line

represents the sound velocity of pure PMMA.

data before and after the sharp decrease, a kink is
clearly seen. The kink is rationalized by the glass
transition of PMMA [44], at which the phonon vibra-
tion undergoes an abrupt softening. At much higher
temperatures, the velocity corresponds to the adia-
batic zero frequency sound velocity, ¢, while at much
lower temperatures it corresponds to the solid-like
or ‘infinite’ frequency sound velocity, ¢, [43] .Thus,

the decrease rates of the ¢, in Gr/PMMA with
respect to temperature, are different in the glassy and
rubbery states. The kink for Gr(0.2)/PMMA appears
at P = 8 mW, whereas the kink positions for the other
two samples are at much lower power levels, owing to
the larger number of graphene layers (i.e. more light
absorption in Gr(3.3)/PMMA and Gr(5.1)/PMMA
than Gr(0.2)/PMMA); the sound velocity of the fully
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transparent PMMA is expectedly robust to the laser
power variation. Another strong justification of the
kink position is the linewidth of BLS peaks, i.e. the
w-spread of the phonons, related to the phonon mean
free path [45]. An apparent increase in the linewidth
is observable after the kink (figure S9). The inter-
cept (at P = 0 mW) of the fitted line before the kink
defines the values of cp, cr,1 at room temperature
(i.e. without heating).

3.3. Band structure calculation

Figure 3(c) shows the sound velocity ¢, as a function
of the graphene volume fraction. The ¢ increases
from 2790 + 50 to 3224 £ 60 m s~' as the
graphene volume fraction increases from 0.02 vol%
to 0.51 vol%. The ¢y of Gr(0.2)/PMMA is very
close to the value of pure PMMA (2784 m s~ 1)
due to the extremely low graphene volume frac-
tion. The ¢ | for all specimens remains nearly the
same to that of the PMMA as the direction nor-
mal to the Bragg stack [29, 30] is dominated by
the polymer. From the BLS experiments, we directly
obtained the longitudinal sound velocities of PMMA
and the effective longitudinal sound velocities of the
Gr/PMMA stacks. To determine the elastic moduli
of the CVD graphene without the assumption of
effective medium approximations [29], we conduc-
ted phononic band structure calculations by using
the COMSOL Multiphysics package. Because of sym-
metry, we conducted two-dimensional (2D) simula-
tions. The simulation domain consists of one layer
of graphene and one layer of PMMA, with periodic
boundary conditions applied on all four sides. The
relevant parameters are listed in table 2. Specific-
ally, we assumed the Poisson’s ratio of graphene to
be 0.17 [46] and considered the Young’s modulus of
the CVD graphene as an adjustable parameter. The
elastic properties of the relatively thick PMMA layers
were assumed to be the bulk PMMA values (Young’s
modulus = 6.272 GPa, Poisson’s ratio = 0.333, based
on our BLS measurements). By matching the meas-
ured effective longitudinal sound velocities of the
Gr/PMMA stacks with the corresponding calculated
values in the long wavelength limit, we determ-
ined the Young’s modulus of the investigated CVD
graphene to be 680 £+ 16 GPa. Typical phononic
band structures are shown in figures 4(a) and (b) for
Gr(3.3)/PMMA in the cross-plane and in-plane dir-
ections, respectively. The periodicity-induced band
folding is clearly seen in figure 4(a). For the band
structure in the in-plane direction, we considered a
small domain width of 1 nm to avoid band folding
in the width direction. The slopes of the lowest two
branches give the effective longitudinal and transverse
sound velocities of the Gr(3.3)/PMMA stack, respect-
ively. Figure 4(c) shows effective longitudinal and
transverse sound velocities of the Gr/PMMA stacks
as a function of the graphene volume fraction. It is

B Liu et al

interesting to note that as the graphene volume frac-
tion increases, cL| increases, whereas ¢ | and ey
(=c1,1 ) remain nearly constant. At the limit of zero
graphene volume fraction, ¢ || & c1, | expectedly eras-
ing the elastic anisotropy, (cr/cr, 1 )2, of the PMMA
rich Bragg stack, and ¢, assumes the sound velocity
of pure PMMA (black dashed line in figure 3(c)).
Assuming an in-plane isotropy of graphene, we fur-
ther obtained the shear modulus of graphene to be
G = E/[2(1 4+ v)] = 290 £+ 10 GPa, which is in
good agreement with the reported value (280 GPa
at 0.4 K) for CVD graphene on silicon mechanical
oscillator [47].

3.4. Uniaxial tensile modulus

Similar to our previous work [32], uniaxial tensile
tests were conducted to evaluate the effect of CVD
graphene on the elastic moduli of the Gr/PMMA
hybrid Bragg stacks. In figure 5(a) exemplary stress—
strain curves are presented for each volume frac-
tion. The Young’s modulus of each Gr/PMMA speci-
men was estimated from the linear part (0.1%—-0.3%
strain) of the stress—strain curves. For similar sys-
tems, it has been shown that even for a low thick-
ness ratio of the two components, e.g. 0.044 vol%
graphene, the modulus of elasticity of the com-
posite shows a significant increase by 25% [32].
For the Gr(3.3)/PMMA, with the thickness of a
PMMA layer being 100 nm, the Young’s modulus
increases to 4.4 + 0.4 GPa, 150% higher than that
of the bulk PMMA. The subsequent reduction in
thickness of the matrix to 65 nm (Gr(5.1)/PMMA)
yields an even larger increase of Young’s modulus to
5.9 & 0.4 GPa (a 250% increase). By using a simple
rule-of-mixtures: Egypmma = Em®pmma + Ef ¢ar
where Egypmma, Epmma, and Eg, are the Young’s
moduli of the composite, PMMA, and graphene,
respectively, and ¢pyma and oo = 1 — dpvma
are the volume fractions of the PMMA and
graphene, respectively, and by extrapolating to 100%
graphene volume fraction, the Youngs modulus
of the graphene was estimated to 817 + 23 GPa
(figure 5(b)).

4. Discussion and concluding remarks

We summarize the experimental Young’s modulus of
wrinkled graphene, as deduced from different exper-
imental techniques, in figure 5(c) to visualize the
comparison among them. AFM nanoindentation of
CVD graphene with wrinkle height between 3 and
6 nm yielded to a Young’s modulus of 167 & 74 GPa
[25], while a similar indentation technique with a gat-
ing voltage led to E = 100 £ 86 GPa for CVD graphene
with wrinkle heights of 3 nm [18]. However, nanoin-
dentation itself can cause a large deformation in the
out-of-plane direction, which may deteriorate the
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Table 2. Parameters used in the phononic band structure calculations and Young’s modulus of graphene from tensile tests.

Thickness Density Young’s modulus ~ Poisson’s Young’s modulus
Materials  (nm) Width (nm) (kg m™?) (GPa) (computed) ratio (GPa) (tensile test)
Graphene  0.335 1 2.267 680 = 16 0.17 [46] 817 £23
PMMA 3.125-100 1 1.189 6.2+ 0.2 0.333 1.8
a cross-plane b in-plane c
40 T T 40 T T 3.6
3.4 .
30 4 30 1 1 @
y § 2 324 .
= 0] e
) 2 £ 3.0 4
c 20 4 < 201 4 ©
7] 3] ol
& = & > 2.8+ .
o { o & Je B
i w & /& 5 1 1
"? QQ o - -
104 o5 . 10 VAV 1 @ 154 il
. %00 b2 c,«-/ 1 Cru=Cr2 =6 1500, ]
(R —7400 mis 1.4 4 <l
%% width =1 nm | |
0 ey 0 T 1.3 S,
00 02 04 06 08 10 0.00 0.01 0.02 0.03 0.04 0.05 0.01 0.1 1

Reduced wave vector

Reduced wave vector

Figure 4. Calculated phononic band structure and effective sound velocities in Gr/PMMA Bragg stacks. The phononic band
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intrinsic stiffness of graphene. Yet, the strain distri-
bution in wrinkled graphene is non-uniform, intro-
ducing large errors in the measured stiffness. Raman
spectroscopy, which estimates the Young’s modulus
of a 2D material from the rate of the frequency shift
of the characteristic peaks under strain, reported a
Young’s modulus of 250 GPa [24] for graphene with
an average wrinkle height of ca. 30 nm. A more
comprehensive summary of the Young’s modulus of
graphene, estimated by various experimental tech-
niques, can be found in table S1.

The uniaxial tensile test is widely applied to
measure the mechanical characteristics of the Bragg
stacks such as the Young’s modulus and the frac-
ture stress/strain. For the specimens tested here the
Young’s modulus of CVD graphene was estimated to
be 817 £ 23 GPa about 20% higher than 680 & 16 GPa
obtained from BLS. The main reason for this discrep-
ancy is attributed to the straightening of the wrinkles
upon the imposition of a tensile stress which results
in higher Young’s modulus than that estimated by the
BLS method at zero strain [48]. A possible source
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of error is also the linear extrapolation invoked in
figure 5(b) which may not be holding to 100% volume
fraction. We point out that in this work, the wrinkles
in the CVD graphene were mainly introduced upon
cooling of the CVD graphene on the copper substrate
and the subsequent transfer process [49].

Unlike the methods mentioned above, BLS
allows probing thermally excited phonons in a non-
destructive manner. It is well-known that elastic
properties are coupled with the acoustic sound
velocities; therefore, accurate elastic moduli can be
obtained by probing the effective sound velocity of
the hybrid Bragg stacks. Our experiment provides
a method for studying the elastic modulus of other
two-dimensional materials, such as reduced graphene
oxide (rGO) and graphene oxide (GO), which are
commonly used fillers to reinforce the elastic prop-
erties of polymer-based composites. However, the
wrinkle-induced softening effect in these materials
has not yet been investigated. As a mature tech-
nique, the wet transfer can be easily employed to
these 2D materials, and by probing the GO/PMMA or
rGO/PMMA hybrid Bragg stacks using BLS, the lon-
gitudinal sound velocity can then be obtained. The
elastic moduli can be subsequently calculated with
the known Poisson’s ratios. These results contribute
to a better understanding of the elastic moduli of 2D
materials and pave the way to accurately manipulat-
ing the elastic moduli of graphene nanolaminates.

Concluding, we report here a new approach to
accessing the elastic modulus of the CVD graphene.
By probing the effective phonon propagation of
Gr/PMMA hybrid Bragg stacks using BLS and com-
bining the phononic band structure calculations, we
determined the Young’s and shear moduli of the CVD
graphene with a maximum height of 6 nm to be
680 £ 16 and 290 4 10 GPa, respectively. In prob-
ing the thermal phonons, no strain was introduced,
eliminating the possibility of strain hardening upon
loading. This concept can be extended to determin-
ing the wrinkle-induced softening effect of other two-
dimensional materials.
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