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ABSTRACT: Understanding the mechanism and limits of
strain transfer between supported 2D systems and their
substrate is a most needed step toward the development of
strain engineering at the nanoscale. This includes applications
in straintronics, nanoelectromechanical devices, or new
nanocomposites. Here, we have studied the limits of biaxial
compressive strain transfer among SiO,, diamond, and
sapphire substrates and graphene. Using high pressure—
which allows maximizing the adhesion between graphene and
the substrate on which it is deposited—we show that the
relevant parameter governing the graphene mechanical
response is not the applied pressure but rather the strain
that is transmitted from the substrate. Under these
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experimental conditions, we also show the existence of a critical biaxial stress beyond which strain transfer become partial
and introduce a parameter, @, to characterize strain transfer efficiency. The critical stress and o appear to be dependent on the
nature of the substrate. Under ideal biaxial strain transfer conditions, the phonon Raman G-band dependence with strain appears
to be linear with a slope of =60 + 3 cm™'/% down to biaxial strains of —0.9%. This evolution appears to be general for both
biaxial compression and tension for different experimental setups, at least in the biaxial strain range —0.9% < & < 1.8%, thus
providing a criterion to validate total biaxial strain transfer hypotheses. These results invite us to cast a new look at mechanical
strain experiments on deposited graphene as well as to other 2D layered materials.
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S ince its mechanical isolation by exfoliation,™* graphene has
attracted a lot of interest due to an unusual quantum Hall
effect,"” its electric’ and magnetic properties,” or its exceptional
mechanical properties.” Furthermore, the existence of a strong
coupling between the mechanical and the electronic properties
of graphene® '’ allows developing bidimensional strain
engineering as a route for technological applications of
graphene.11 However, the bidimensional nature of graphene
still challenges our understanding of its mechanical response,
and a precise determination and monitoring of the stress
response of graphene in various conditions has become a key
requirement for such developments.'” A fine description of the
mechanical response of graphene to strain conditions when in
contact with different interfaces is thus at the cornerstone of the
development of devices, graphene-based composites, or in the
understanding of the physical processes in tribological
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graphene-based interfaces.'” Assessing the general interplay
between the mechanics of graphene and adhesion will
contribute to the understanding of the response of this
archetype bidimensional material to a changing environment
and thus to the development of various stress sensors.'”'>
Adhesive forces moreover constitute a key parameter
participating in determining the maximum stress that can be
transmitted to graphene from the substrate it is deposited on: it
has for example been shown that graphene adhesion to
polymers in a sandwich geometry provides a dramatic
enhancement of its flexural rigidity, the latter being 6 orders
of magnitude larger than in air.'®
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Figure 1. (a) Diamond anvil cell principle. The sample is confined in between two diamonds and a hollowed metallic gasket and immersed in the
pressure transmitting medium (PTM). The force applied on the diamonds induces the pressure increase through the deformation of the sample
chamber: (b) Picture of the sample chamber in which a graphene sample is supported on a thick substrate (the visible part is a multilayered area). (c
and d) Two pictorial views (axial and radial) of the loading scheme. The small sphere next to the substrate represents a ruby chip in which

. . 33,34
fluorescence is used to determine the sample pressure.””

Panel e is a representation of the mechanical constraints in which the graphene sample is

found in our experiments. The hydrostatic pressure imposed by the liquid PTM induces a contraction of the substrate (strain &), a deformation that
is (partly) transmitted to the graphene layer that is strained as &g, which results into a stress og.

In the majority of experiments or applications, graphene is
supported by a substrate. Up to now, most studies on the
mechanical response of graphene have been devoted to its
tensile response, either under uniaxial”'>'” or biaxial
tension.'* ™" Large compressive strain values can also be
achieved in high-pressure experiments,zz_24 which allow
maximizing the coupling between graphene and the supporting
substrate—and thus the interfacial strain transfer. The two
main assumptions made in most of these studies are that (1)
the perfect graphene conformation to its substrate™ is
preserved under strain and (2) that the totality of the substrate
deformation is transmitted to the deposited graphene flake. The
derivation of many physical parameters such as the Griineisen
parameter relies on these hypotheses.

The latter hypothesis of total strain transfer between the
substrate and the graphene flake is a key aspect. This hypothesis
has already been tested before in tension experiments, but it
was shown not being always true.'”**” It is thus the aim of the
present work to quantify such strain transfer in the most
favorable conditions (i.e, by maximizing the conformation
between the substrate and graphene by pressure application) as
well as to explore its validity in the biaxial compression domain.

We have studied here by Raman spectroscopy the high-
pressure behavior of single-layered graphene samples either
exfoliated and supported on amorphous SiO, substrates or
CVD-grown and transferred on diamond and sapphire
substrates. In all experiments, the sample was loaded in a
diamond anvil cell (DAC), as shown in Figure 1. We show that
the relevant parameter governing the graphene behavior is not
the applied pressure, but rather the biaxial strain that is
transmitted from the substrate, and that this strain is not always
fully transmitted from the substrate to the graphene flake. We
identify a measurable parameter a characterizing the efficiency
of strain transfer and report its evolution with graphene stress
for different substrates. These results invite us to cast a new
look at experiments considering supported graphene under
mechanical strain.

In our experiments, as shown on Figure 1, graphene is
supported on substrates with various compressibilities and
immersed in a compressive fluid in the experimental chamber
of a diamond anvil cell. The DAC allows the compression of
the graphene—substrate system up to pressures in the few GPa
range. The progressive compression of the fluid on the full
system translates into two different effects: (1) the reduction of
the graphene—substrate distance with the consequent evolution
of adhesion forces and (2) the biaxial compression of graphene
due to the volume reduction of the substrate. The only
condition for this is that the graphene sample initially immersed
is already in an adhesive configuration, which will not allow the
PTM to invade the space in between the substrate and the
graphene layer. It has been shown that near-perfect graphene—
substrate adhesion can be obtained (99% conformation to the
surface), from ultraflat graphene on mica substrates™ to SiO,
substrates with roughness rms of 0.35 nm,”® and the limits of
adhesion of graphene as a function of the surface topology are
now well-understood.*® Anisotropic effects can be neglected in
our experiments, as either the substrate is amorphous when
graphene is a single crystal (SiO, case), or graphene is
polycrystalline when the substrate is a single or poly crystal (all
other cases). In addition, it has been shown that anisotropic
effects between armchair and zigzag directions are negligible.””

The SiO, substrate used in the present study is identical to
the one in ref 24, with a roughness rms of 0.35 nm. High-
resolution atomic force microscopy (AFM) measurements have
shown that perfect graphene—substrate conformation is
obtained even for structures with radius of curvature of the
order of ~1 nm™ such as SiO,. High fidelity conformation is
thus expected for the sapphire and diamond substrates, for
which we measured roughness rms of 0.9 and 0.3 nm,
respectively.

The evolution of the 2D band (also called the G’-band) has
been proposed as the most sensitive signature of graphene
strain.”® In our high-pressure experiments, its use is hindered by
the parasitic Raman signal of the diamond anvil in the
corresponding energy range. Thus, we have focused on the

DOI: 10.1021/acs.nanolett.6002981
Nano Lett. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.nanolett.6b02981
http://pubs.acs.org/action/showImage?doi=10.1021/acs.nanolett.6b02981&iName=master.img-001.jpg&w=313&h=181

Nano Letters

12
il Vo ' 80
E - o 8 E | & SiOs
: ;:;E E%E;:% ' ;E | ® Cu 140
_% - o~ /—\ % ?0 7 SBDIJh"-'E
Jm = | ® Diamond
- —memenl Y W |
L #E e 0 & ¥
E ._ ot .E
" S
20%
z
2
i 110
0
1550 1600 1650 1700 O'd 2 8 120 4 3 12 0
Raman Shift [em™1] Pressure [GPa] Pressure [GPa|
(a) (b)

Figure 2. (a) Pressure evolution of the Raman spectra (zoom on the G-band only) of graphene deposited on diamond (black points, red line) and
SiO, (gray points, blue line) in alcohol pressure transmitting medium (PTM). The lines are Lorentzian fits, and the spectra baselines correspond to
the pressure (right axis). (b) Pressure evolution of the G-band variation (left), Awg = @(P) — @, (where @, is the Raman frequency at atmospheric
pressure), for graphene deposited on various substrates: black circles correspond to diamond substrate, blue squares to sapphire, gray triangles to
Si0,, and red diamonds to copper (the latter being reproduced from ref 23). Open symbols correspond to decreasing pressure. Full lines show linear
fits of the G-band variation in the low-pressure range. For comparison, the dashed line recalls the same evolution in the case of graphite.”’ The
Lorentzian fwhm are reported in the right panel. Dashed lines are a guide to the eyes. For all data reported in this figure, the 4:1 methanol:ethanol
mixture was used as PTM.

Table 1. Characteristic Parameters Obtained for Graphene on the Four Studied Substrates: Pressure Evolution of the G-Band
Frequency 0wg/OP, Substrate Linear Bulk Modulus fg, Critical Graphene Stress 6¢, and Efficiency of Strain Transmission ¢
above and below the Critical Stress®

0wg/0P (cm™-GPa™") Bs (GPa) o5 (GPa) a(og) for o < oG a(og) for o5 > o
diamond 40+ 02 1329 >11 0.97 + 0.0S
sapphire 7.8 £0.5 750 10+1 0.97 £ 0.05 02+ 0.1
copper”® 92 + 03 420 2+1 0.97 + 0.1 0.62 + 0.05
Sio, 10.5 £ 0.2 114 <1 0.21 + 0.0S

“Note that, for SiO, and diamond substrates, precise values of of; could not be determined.

study of the Raman G-band evolution. In Figure 2a we show becoming sub-linear, which has been attributed to graphe-
the pressure evolution of the optical phonons of the G-band for ne—substrate unbinding.”> We only observed the G-band
graphene deposited on diamond and SiO, substrates. All softening at high pressure when graphene is supported on a
Raman spectra show the blue-shift of the G-band with pressure sapphire substrate. Figure 2b also includes data from CVD
application and its reversible red-shift upon pressure release. graphene on a copper substrate reproduced from ref 23. The
Under both uniaxial tension or compression,'® measurements slopes dwg/0P of the pressure evolution of the G-band
have shown that the doubly degenerated E,, graphene optical frequency, fitted in the linear domain of each sample, are
mode (G-peak) splits into two components, G* and G~, named reported in Table 1. We should note here that, contrary to what
after the carbon nanotube G-band structure.'” This splitting is was stated in ref 24, no difference of the dwg/0dP was found
not observed during high-pressure experiments under hydro- between data measured using 4:1 methanol—ethanol PTM and
static or quasi-hydrostatic conditions on supported gra- published values using argon PTM. This excludes any charge
phene,””>* where no anisotropic in-plane constraint could transfer effect from the PTM, in agreement with other works.”’
lead to the degeneracy lifting. During the pressure cycle, the G-band showed reversibility for
For the three different studied substrates, the G-peaks are all samples (open symbols in Figure 2b correspond to pressure
fitted using Lorentzian functions after proper fluorescence unloading). In the case of the SiO, substrate, we could verify
background removal using polynomial functions, and Figure 2b that the very weak D-band was unchanged after the pressure
shows the relative fitted position of the G-band as a function of cycle. This result further indicates that the pressure cycle did
the pressure. As already shown in previous works,”>~>* the G- not introduce noticeable defects or extended graphene tearing.
band shows a linear up-shift with pressure before gradually The right panel of Figure 2b shows the pressure evolution of
C DOI: 10.1021/acs.nanolett.6b02981
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the G-band fwhm. For all samples we observe a monotonous
increase of the fwhm with pressure. However, at ~7 GPa in the
case of the sapphire substrate, an important discontinuous jump
appears, correlated to a change in the evolution of Awg.

Usually, in a high-pressure experiment on a 3D sample
studied by Raman spectroscopy, the Raman shift is plotted as a
function of pressure. The implicit assumption is that the
hydrostatic or quasi-hydrostatic stress is transferred to the
sample, which is correct until the appearance of nonhydrostatic
stress components. This assumption of equivalence between
the applied pressure and graphene stress has also been made in
previous studies of graphene under high pressure.”” > In
contrast, in the case of uniaxial stress experiments by the
deformation of a substrate under tension, the basic assumption
is that it is the strain that is transmitted.”'>'”'® The physical
properties of graphene (phonons, bandgap, etc.) are thus either
determined as a function of the substrate strain or stress.””'>'"'®
It thus appears that the underlying assumptions on the
mechanical deformations of 2D materials must be clarified,
which eventually boils down to determining how efficiently the
strains are transmitted from the substrate to the 2D layer. The
goal of the following discussion is thus to provide a
methodology for (i) renormalizing pressure-based Raman
data to stress—strain quantities for allowing a comparison to
other types of measurements and (ii) quantifying the efficiency
of strain transfer between graphene and the substrate it is
deposited on.

Let us consider the physical effects at the scale of the atomic
bonds. While the PTM is liquid and since the substrate is a
three-dimensional solid, the substrate stress and the pressure
are equivalent. The substrate-mediated biaxial strain is then
linked to the applied pressure as €5 = P/f;, where fg is the
substrate linear bulk modulus, g = —rdP/dr with r being the
interatomic distance. The latter can be approximated as fg ~
3430 with S° = —VOP/ AV being the bulk modulus, which arises
from equating the pressure variation in bond length r/7, to the
variation in lattice constant a/a,: this is possible since the
absolute values of ry and 4, are never used in the
calculation.””**~*" This approximation boils down to saying
that the relative variation in bond length is the same in all
directions, which is rather close to reality.*” The biaxial strain is
then transmitted to the graphene layer with an efficiency a
(that we want to quantify), so that g = agg. The strain of the
graphene sheet, &g, leads to a shift of the Raman frequency of
the G-band Aw associated with a given stress 6. In the case
of a perfect reference system, the biaxial stress dependence of
the Raman shift is given by Awg = 6582, = P, where Q, is
the pressure dependence of the Raman shift. It follows that, for
a given Raman shift, the biaxial stress of the graphene sheet
deposited on a substrate S can be retrieved through the
expression o, = Aw{/Q,q Biaxial stress and strain for graphene
are linked through &g = o6¢/f,.p where B¢ is the in-plane
stiffness constant of graphene in the reference case. The
graphene biaxial strain is thus linked to the applied pressure
through:

b
o = alog)=<p

S (1)

where we have considered that the parameter @ may vary with
the stress 0. A value @ = 1 corresponds to total strain transfer,
while a value a = 0 corresponds to a fully unbound 2D layer
from the substrate. Intermediate values should be correlated to

the proportion of the 2D layer surface for which strain transfer
is partial.

We now have to consider the choice of the reference system.
A perfect reference sample is a system for which the pressure in
the PTM is equal to the stress in the graphene flake. Ideally,
this choice should be as close as possible to our initial
experimental configuration: PTM—graphene—substrate stack-
ing. The reference would thus correspond to the top first
graphene layer in bulk Bernal graphite, where a = 1. Assuming
that the top graphene sheet in graphite behaves like the bulk
ensemble, we have Q ;= 4.4 cm™'/GPa and f,.; = 1250 GPa.”’
One could also have considered as a reference system the case
of @ = 0, which may correspond to the final unbound
configuration at very high pressures. In that case, one would
have Q ¢ = 5.6 + 0.3 cm™!/GPa***** and ¢ = C/h, with Cg
= 350 N/m as the in-plane stiffness constant of graphene
(analogous to the Young’s modulus for macroscopic objects)
and h = 0.335 nm as the thickness of the graphene sheet.”* As
the uncertainties on the Q. and f,¢ values are lower in the =
1 case (graphite), we take the graphite system as the reference.
‘We may note that the results that will follow are weakly affected
by this choice. Substrate—graphene hybridization may also
evolve with pressure application, thus giving rise to a further
contribution to the Raman shift. We have neglected such an
effect, which will be validated by comparison of our final results
with literature, as will be later discussed.

Figure 3a reports the relative evolution of the strains & in
graphene (G) and in the substrate (S) as a function of the
graphene stress og—the strains being obtained through the
equations of state of the corresponding materials. This
representation allows identifying the different regimes of strain
transfer for each substrate. Figure 3b shows the evolution of og
as a function of P X f./fs. From eq 1 we can extract the
efficiency coeflicient a for the four substrates, whose values are
reported in Table 1. Figure 3a shows that two of the substrates,
copper and sapphire, present a clear change of regime at values
6g ~ 2 and 10 GPa, respectively. For sapphire and copper (for
oG < 0g) and for diamond, that is, all CVD-grown samples, the
same value a = 0.97 + 0.0S is found within error bars. In the
case of SiO, (the only exfoliated graphene sample), a much
smaller value of @ = 0.2 + 0.1 is found. The evolution of «
values with o is depicted in Figure 4a for the different
substrates. It may appear surprising that, in spite of the high
graphene conformation to the substrates surfaces, low values of
strain transfer can occur, particularly for SiO,. This result
highlights the fact that a good conformation of graphene to its
substrate does not imply its good adhesion under biaxial strain.

We may now compare our obtained results on the Raman G-
band evolution with substrate strain with published results.
Biaxial extension and compression has been studied on
graphene supported samples on PMMA through piezoactua-
tion'® or flexion.'” Helium gas pressure application on
suspended graphene has also been used to produce high biaxial
tension strain (up to 1.8%).”" These results are compared with
ours in Figure 4b. We observe an excellent agreement between
the four very different experimental methods—taking the data
for diamond, sapphire, and copper before og; in the case of high
pressure experiments where o = 0.97 + 0.0S. This confirms our
previously stated hypothesis on the negligibility of pressure-
induced hybridization effects. The fit of high-pressure data with
a = 09 yields a slope of =57 + 2 cm™'/% for biaxial
compression, which compares very well to the fitted values of
—62 +3cm™Y/% from ref 21, —57.3 + 0.2 cm™}/% from ref 18,
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Figure 3. (a) Evolution of the graphene strain, &, relative to the
substrate one, &g, as a function of the graphene stress og. At the critical
stress 65, £ < & (in the case of compression, & < 0), and slippage
occurs (Table 1), corresponding to £ — &g > 0. Lines are a guide to
the eyes. (b) Graphene stress o as a function of P X f.¢/fs (eq 1).
The slope is directly the efficiency coeflicient @, obtained by linear
fitting (lines and Table 1). The inset shows the total strain range for
the SiO, substrate.

or —62 + 5 cm™"'/% from ref 19. Such a value thus constitutes a
criterion to check for the efficiency of biaxial strain transfer in
supported graphene in a large strain range (positive and
negative). As shown in Figure 4b, a values below 0.9 (open
symbols) lie under the dotted line which is the prolongation of
suspended graphene data from ref 21. We observe that, in some
cases, close to perfect strain transfer can be preserved down to
biaxial strain values of —0.9%. Together with the data of ref 21,
our results allow to extend the domain of verified graphene
biaxial strain from & = —0.9% up to & = 1.8%.

The existence of a partial substrate—graphene strain transfer
(a < 1) means that an interfacial relaxation mechanism must
enter into play. This mechanism could include slipping
processes, buckling, defect creation in the graphene structure,
or even tearing. The observed reversibility of the Raman signal
after a pressure cycle (G and D bands) indicates that defect
formation or graphene tearing should not contribute
significantly to the relaxation process. A slipping mechanism
can either be global, with a full displacement of the graphene
flake on the substrate, or local, through the creation of an
inhomogeneous stress field. The global case translates into
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Figure 4. (a) Evolution of the biaxial strain transmission efficiency
coefficient @ as a function of the graphene stress og. A lower @ value
implies a larger inhomogeneity in the stress field, as represented in the
insets. (b) Evolution of the Raman shift of the G band as a function of
the substrate deformation in our DAC experiments, compared with
other biaxial strain experiments from refs 18, 19, and 21. Open
symbols correspond to a values below 0.97.

slipping at the micrometer scale through a surface with a
nanometer scale roughness: a mechanism which can be
excluded at gigapascal pressures. The local case implies the
creation of an inhomogeneous strain field (consistent with the
G-band fwhm increase with pressure), which should resolve
with increasing constraints into the creation of ripples, and
ultimately into total unbinding.***°

The difference found between the values of o for copper
and sapphire may be attributed to different surface roughness
and adhesion forces in these two cases. We note that for the
sapphire substrate, for o > og, the fwhm and a values become
close to the ones for SiO, substrate. This may be interpreted as
a change in the dominant relaxation mechanism under biaxial
strain in sapphire for o > o, leading to a partial unbinding of
graphene from its substrate. The particularities of the graphene
response on copper may arise also from the fact that it is the
only substrate on which graphene has been directly grown (no
transfer). All observed evolutions in our experiments seem
reversible along the pressure cycle, which would exclude a total
unbinding process.

The obtained results are extremely important as they fix the
limits of validity of the total strain transfer between the
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substrate and the graphene layer; they invite to cast a new look
at mechanical strain experiments on deposited graphene as well
as to other 2D layered materials. For instance, the general
assumption of total strain transmission in high pressure
experiments should be carefully evaluated, and most specifically
in the case of substrates such as SiO,. In all type of experiments,
a perfect biaxial strain transfer should result in a value of
0Awg/de = —60 + 3 cm™'/%, while for partial strain transfer
the absolute value of this slope will decrease. In the latter case,
the strain transfer efficiency o becomes smaller than 1. Many
other interesting questions arise such as the role of the
percolation of the locally strained regions which should form
progressively in the a < 1 regime, the role of the topology of
the locally strained/rippled regions, their development
mechanism, or their relation with the substrate roughness or
the graphene microstructure (grain size, boundaries, etc.). At
ambient conditions the correlation between surface roughness
and the buckling transitions has been theoretically shown™ in a
model in which the flexural energies governed by the layer
bending rigidity are compared with the geometrical curvature
imposed by the surface. We may expect that the extension of
such model in high pressure conditions will answer part of
these questions.

Methods. Samples. Exfoliated graphene was used with the
SiO, following similar protocol as in ref 24. SiO, substrates are
300 nm thick amorphous oxidation layers deposited on 50 ym
thick silicon wafers. The substrates are cleaved in an alcohol
bath using a tip in order to obtain a wafer with a typical edge
size of 200 ym. Raman spectra were performed before and after
the cleavage in order to check whether the graphene samples
are modified by the exposure to alcohol or by the cutting
process.

Transfer of CVD-grown graphene was used for the diamond
and sapphire substrates. In the diamond case, the transfer was
done directly on one of the (1 0 0) oriented diamond anvils of
the diamond anvil cell. Sapphire A-plane (1 1 —2 0) oriented
substrates of 50 ym thickness were used. Graphene was grown
by CVD on copper foil (25 um).”® The transfer process”
involves first spin-coating PMMA onto graphene on copper,
followed by etching copper in an ammonium persulfate
solution (1 g per 100 mL of water). The resulting PMMA/
graphene film was transferred directly onto the diamond and
sapphire substrates. Acetone was used to remove PMMA, and
no annealing was performed on these samples prior to
measurement.

High Pressure. The high-pressure experiments were carried
out using membrane diamond anvil cells with low fluorescence
diamonds having a culet size of 700 ym (Figure 1). A 400 um
hole drilled in a 100 pm preindented gasket served as
compression chamber. Several ruby chips were distributed
throughout the sample chamber, and the pressure was
determined using the ruby fluorescence method.’”*' A 4:1
methanol—ethanol mixture was used as a pressure transmitting
medium as it is hydrostatic up to pressures of about 10 GPa,
where it solidifies.”” As the pressure range explored in our
experiments is confined below 10 GPa, the measurements are
always performed in hydrostatic conditions.

Raman Scattering Measurements. Raman spectra were
measured in backscattering geometry on two different Raman
spectrometers. The first one is a Jobin Yvon Labram HR800
spectrometer, with a spectral resolution of about 0.5 cm™.
Spectra were excited using 532 nm radiation from a solid state
laser. The beam was focused onto the sample using a long

working distance Mitutoyo X50 or X80 objective, and the size
of the laser probe was ~2.5 pm at focus. The second one is an
Acton Spectrapro 300i spectrometer, with a spatial resolution of
about 0.8 cm™". Spectra were excited using $14.5 nm radiation
Ar+ jon gas laser, and the beam was focused using a long
working distance Mituyoto XS0 objective. In all cases, the
casual heating of the sample by the laser was checked by
recording spectra at different incident powers. A power of 3
mW at the entrance of the DAC was found to be convenient for
the present study as no red shift for the G-band has been
observed—it is estimated that the laser power reaching the
sample is ~S times lower than the laser power entering the
DAC.
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