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Abstract
This study addresses the synthesis and mechanical behavior of graphene-metal composites
comprising palladium (Pd) nanoribbons wrapped with graphene. Coating Pd nanoribbons with
graphene by chemical vapor deposition (CVD) considerably increases their elastic modulus.
These measurements are made by suspended microbridge indentation. A refined indentation
measurement approach carefully takes into consideration the uncertainty resulting from the
non-ideal bridge geometry. The measured composite moduli depend on the ribbon thickness in
the range of 36250 nm, with the maximum modulus of 147 GPa measured for 36 nm thick
nanoribbons, representing an increase of 41.6% over uncoated Pd nanoribbons. The results
clearly demonstrate that graphene, owing to its high modulus and strong interaction with Pd, can
effectively reinforce Pd nanoribbons up to thickness of 250 nm, which corresponds to a volume
fraction of 0.54%. We study the modulus scaling by deriving a mathematical rule of mixture
model considering 3D ‘bulk’ metal nanoribbons reinforced by the 2D graphene ‘surface’. This
modeling approach is inspired by the framework of surface modulus, which is typically
employed to explain the deviations in the moduli of nanowires and nanoribbons observed in the
sub-10 nm regime. Here, the nanoribbons are much thicker, yet graphene’s extremely high
modulus leads to the observed increase in the measured composite moduli. Further, in these
calculations, we consider the critical role of the nonlinear modulus component of graphene -its
quadratic dependence on strain- which results from the lattice mismatch-induced interfacial
strains between graphene and Pd. Graphene-Pd composite nanoribbons and thin films can be
very useful for a wide range of application ranging from strain-engineered catalysis to damage
tolerant flexible electronic devices. Beyond nanoribbons, the proposed 3D/2D rule of mixture
model may be used to explain the modulus scaling in 3D/2D heterostructures and in bulk
graphene-metal nanocomposites made by powder mixing routes.

Supplementary material for this article is available online

Keywords: palladium, composite rule of mixture, mechanical behavior, elastic modulus,
nanomechanics, surface modulus

(Some figures may appear in colour only in the online journal)

1. Introduction requiring folding and stretching, since the flexural rigid-

ity decreases cubically with thickness [1]. By virtue of this
Materials with reduced dimensions such as nanowires, stretchable geometry, ultrathin interconnects and electrical
nanotubes and ultrathin films are suitable for applications lines shaped like springs are finding applications in almost all
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novel flexible devices like flexible display, electronic textile,
health care, human—machine interaction, to name a few [1-3].
It is hence important to understand the mechanical behavior
of ultrathin film materials and more specifically, to design new
thin films having precisely controlled elastic properties. Mech-
anical degradation or failure of thin metal connections in flex-
ible electronics would lead to a shorter lifetime or make device
vulnerable to complete failure. In addition to design complex
stretchable wavy structures, ultrathin film materials mechan-
ical property reinforcement may guarantee a device’s long
lifetime intrinsically. Strain-engineering of crystalline catalyst
materials such as Pd is also another novel use of very thin
films [4] where it is found that large compressive strains impar-
ted due to interfacial energy can strongly tune the chemical
reactivity.

It is well-established that materials often exhibit unusual
mechanical behavior when the dimensions of the structure
approach some critical length scale, typically below 10 nm.
Wong et al have measured the elastic bending stiffness of
SiC nanorods and multiwall carbon nanotubes (MWNTsSs)
and observed spring force constant dependence on material
diameters [5]. As for metals, Cuenot et al have measured
the elastic moduli of silver and lead nanowires and noticed
increase in the elastic modulus as the wire diameter decreases
[6]. For hard materials like diamond, Banerjee et al recently
demonstrated the increase in the elastic strain limit by 9% by
shrinking diamond rod diameter to nanoscale [7]. These exper-
iments provide direct evidence for what is known as ‘scale
effects’ where the elastic properties of materials depend on
size in the nanometer range.

Several mechanisms have been proposed to explain the
variations observed in the elastic properties of crystalline
materials at the nanoscale. It is now accepted that while the
mechanical properties of materials at the micro- to macro
scales are dominated by the ‘bulk’ elastic strain energy, sur-
face effects including surface modulus, surface energy, resid-
ual surface stresses [6, 8, 9] and surface toughness [7] become
more dominant and can significantly modify the elastic prop-
erties at the nanoscale. These ideas are typically put in context
of the increase in surface-to-volume ratio at the nanoscale. It
should be noted that surface elasticity of a solid body is the
reversible work per unit area needed to elastically stretch a
preexisting surface and is a function of -but not necessarily
equal to- material’s surface energy [10]. The surface modulus
has been mathematically considered as a surface traction in a
continuum sense to calculate the overall modulus of nanowires
and nanoribbons which takes into consideration the bulk and
surface moduli components [8].

The pursuit to use nanowires and nanoribbons with
increased modulus in engineering applications has proved to
be practically more challenging than originally anticipated.
Crystals have relatively low surface energies, e.g. Ni (110):
2.44 Jm~2, Mo (110): 2.07 Jm~2, Si (110): 1.39 Jm~2 [11].
Consequently, the effect of surface modulus on nanowire
moduli is typically significant only when the nanowires are
<10 nm. Specific to this study, Pd (110) has surface energy
around 1.6 Jm~2 [11, 12] and its modulus is expected to have
imperceptible thickness dependence when it is thicker than

10 nm [10]. This stringent requirement for extremely small
-sub 10 nm- sizes to observe scale effects on the mechanical
behavior of nanowires present a roadblock towards the engin-
eering of materials which exploit surface effect for increased
moduli. Simply put, these sub-10 nm nanowires and nanorib-
bons are significantly more challenging to synthesize, manip-
ulate and stabilize for extended times.

In this work, we study a new route to reinforce metal nanor-
ibbons by directly growing graphene on the surface. Graphene
is a 2D surface of sp?-hybridized carbon atoms, has an
extremely high in-plane mechanical stiffness [13]. Incorpor-
ating high quality graphene on the surface of metal films, or as
laminated composite (also known as layered metal-graphene
composites) is a promising way to exploit its properties for
applications [14-16]. There is a strong need for establish-
ing new understanding and design rules for the incorporation
of 2D materials in new composites, and benchmarking their
mechanical behavior. Mechanical behavior of materials is at
the heart of most engineering applications due to reliability
issues. However, this need is for basic understanding is not
currently addressed, with most recent studies composites are
made by top-down approach and incorporate highly disordered
structures. As a result, this precludes clear understanding of
the bounds of mechanical reinforcements in these materials.
Our approach builds on our capabilities to synthesize high-
quality graphene on the surface of ultrathin palladium (Pd)
nanoribbons via a rapid Chemical Vapor Deposition (CVD)
process, which has been developed in our previous study [17],
and study the size dependent elastic modulus in palladium
graphene (PdGr) composites. Graphene acts as an atomically
thin but very stiff ‘surface’. Perhaps not surprisingly, the mod-
ulus of PdGr is significantly increased compared to bulk Pd in
the range of 36250 nm. Effectively increasing the moduli of
metal thin films, nanowires or nanoribbons with thicknesses up
to >200 nm can be very significant for the engineering applica-
tions in flexible electronics, sensors, and smart textiles to name
a few.

To measure the mechanical behavior of the composite
nanoribbons, we develop a refined approach to account for
uncertainties arising during the indentation of suspended
microbridges. There are extensive studies on testing the mech-
anical behaviors of thin film materials when they are freest-
anding (or unsupported) [18, 19] or on substrates [20, 21].
Indentation measurements on a doubly-clamped microbridge
have been successfully used to acquire the elastic and frac-
ture properties of ultrathin materials like graphene ribbons
[22], graphene oxide sheets [23] and ultrathin metal films
[24, 25] owing to the high displacement resolution and load
sensitivity. Importantly, microbridge nanoindentation is cost-
effective compared to other thin film testing methods, like
in situ SEM/TEM testing [26]. A nonlinear load-displacement
dependence is used to fit the indentation data and derive
the elastic Young’s modulus. Nevertheless, two factors could
cause the uncertainty in indentation data analysis and are usu-
ally overlooked. The first one is the softening effect due to
microbridge’s slack or the presence of wrinkles in the begin-
ning of indentation. The other softening effect, especially for
metals, is the onset of yielding at high stress. The traditional
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Figure 1. Fabrication of freestanding PdGr nanoribbons. (a) Schematic of the sputtered Pd nanoribbons on SiO,/Si substrate. (b) Pd
nanoribbons are transferred using PMMA carrier layer onto a TEM grid with a rectangular aperture opening. Transferred Pd nanoribbons
are suspended across the slot and the PMMA layer can be removed by reactive ion etching (RIE). (c) Graphene is synthesized by Chemical
Vapor Deposition (CVD) and wraps the freestanding Pd nanoribbons. (d) Scanning electron microscopy (SEM) image of the grown PdGr
nanoribbons. Scale bar: 20 um. (e) Higher magnification SEM. Scale bar: 2 pm. (f) Top view TEM image confirms that the nanoribbon is
locally covered by continuous bilayer graphene conformable to the Pd surface, and a third layer is seen in some regions. Scale bar 2 nm. (g)
Raman spectrum of the grown PdGr with G peak frequency at 1573 cm ™! with excitation laser wavelength of 405 nm. Note that graphene’s

Raman signal is very weak when epitaxially layered on Pd.

load-displacement relation for the elastic membrane bending-
stretching deformation fails to produce reliable modulus val-
ues from indentation data affected by these two factors. In this
study, we develop a numerical analysis method to precisely
extract the elastic properties of a freestanding ultrathin metal
nanoribbons, and use this approach to systematically study the
thickness-dependent modulus of graphene-Pd nanoribbons.
Further, this work sheds some light on the mechanical inter-
actions at the interface between the Pd and the graphene. We
highlight the residual stresses arising due to mismatch between
the lattice spacing and the thermal expansion coefficients of
graphene and the metal [27-30]. For example, the synthesis-
induced pre-strain in graphene can be up to 0.40% compres-
sion in graphene-Cu epitaxial region like Cu (111) [30]. The
mathematical rule of mixture model developed in this study
considers the role of the interfacial stress in lattice mismatched
PdGr on the elastic moduli of the composite nanoribbon.

2. Experiments

2.1 Fabrication of freestanding PdGr nanoribbons

Pd is used as the metal substrate for graphene-metal com-
posite nanoribbons for the following reasons: (i) Pd is an
excellent catalyst, has a high melting point and high solid car-
bon solubility which makes it suitable for segregation-driven
graphene synthesis. These properties allow us to fabricate

high-quality graphene via a rapid CVD process while avoid-
ing solid-state dewetting which challenges the stability of
thin films at high temperatures [17]. (ii) Graphene-Pd has
large lattice mismatch (~3.3% theoretically-predicted lattice
mismatch compressive strain on Pd (111) surface) [31] and
large thermal expansion mismatch (Pd: 11.8 x 10"°K~! and
Gr: (—8.0 £0.7) x 107°K~") [32]. Figure 1 illustrates the
fabrication processes of freestanding PdGr composite nanor-
ibbon for microbridge testing. A series of 4 pm-wide, 20 um
spaced thin Pd nanoribbon arrays with the thickness ranging
from 36 nm to 300 nm are sputtered on a SiO, (300 nm)/Si
substrate with deposition rate of 0.7 A s~ at room temperat-
ure, as sketched in figure 1(a). The Pd nanoribbons are heated
up to 550 °C and annealed for 3 h in helium environment.
The annealing step leads to uniform columnar grain structures
[16]. We use PMMA as a carrier layer to transfer the Pd nan-
oribbon arrays on a SiO,/Si transmission electron microscopy
(TEM) grid [33]. Notably, Pd films can readily delaminate
from SiO, surface by dipping into 0.3 vol % hydrofluoric acid
solution, due to the weak Pd-SiO, interfacial bonding. The
TEM grid is made of SiO,/Si and has a through slot with a
110 pm wide gap. The transferred Pd nanoribbon arrays are
aligned and cross over the slot (figure 1(b)). After transfer, the
PMMA carrier layer can be removed by Ar-O, reactive ion
etching (RIE), leaving the suspended ultrathin Pd nanoribbons
on the slotted TEM grid. The whole sample is then loaded in
a high temperature furnace (1100 °C) for graphene synthesis
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Figure 2. Nanoindentation on freestanding nanoribbons. (a) Measured 3D profile of freestanding Pd nanoribbons before CVD synthesis by
laser confocal microscope. A wedge indenter applies line loading in the middle of each nanoribbon. (b) Typical Z-profile of a slack Pd
nanoribbon. (c) 3D profile of freestanding PdGr nanoribbons after CVD synthesis, showing relatively straight morphologies. (d) Typical
Z-profile of a PAGr nanoribbon. (e) Typical loading-unloading curves of bare Pd and PdGr nanoribbons. The hysteresis between loading and
unloading curves for Pd nanoribbon is from experimental artifact [25] and straightening of the slack nanoribbon during indentation. PdGr
shows negligible hysteresis due to nanoribbon self-straightening after high temperature growth. (f) Cyclic loading curves on the same Pd
nanoribbon. There is negligible variance in P — & behavior after the first loading cycle.

using a rapid CVD process, which has been developed in our
previous study (figure 1(c)) [17]. Scanning electron micro-
scope (SEM) images in figures 1(d) and (e) present the uni-
form morphologies of as-grown PdGr nanoribbons suspended
over the TEM grid. Table S1 in the supplementary inform-
ation (SI) (stacks.iop.org/JphysD/53/185305/mmedia) lists
the detailed dimensions of the nanoribbons. We confirm
that graphene coating wraps around freestanding Pd nanor-
ibbons using TEM and Raman spectroscopy, as shown in
figures 1(f) and (g). TEM images show that we get continu-
ous bilayer graphene coating the Pd, and they conformably
wrap the Pd surface. In some localized regions we see trilayer
graphene, but they are not continuous and their contribu-
tion to the overall behavior is negligible. At the same spot
shown in figure 1(f), the characteristic Raman feature, the
so-called G peak, lies at 1573 cm~! (405 nm laser excitation)
confirming the sp? hybridized carbon on Pd nanoribbon. Not-
ably, we also use 532 nm laser excitation for Raman spectro-
scopy analysis, whereas it has large spot size which includes
PdGr nanoribbon edge effect (see figures S1(a) and (b)).
G Raman frequency can be also observed on the back-
side of freestanding PdGr ribbon, as shown in figure

S1(c). These suggest as-grown graphene effectively wraps
the Pd nanoribbon surface. In addition, we also transfer
as-grown graphene from Pd surface onto a clean SiO,
substrate, and confirm the bilayer nature of graphene
by Raman spectrum characterization (see figure SI1(d)
and S1(e) in SI).

2.2. Suspended microbridge indentation

We developed and validated a model to precisely determine
the elastic modulus of nanoribbons in a non-ideal microbridge
geometry. Freestanding Pd nanoribbons shown in figure 1(b)
usually have some slack on the TEM grid resulting dur-
ing transfer. We measured the 3D profiles of freestanding
Pd nanoribbons using a confocal laser profilometer (Keyence
VK-X1000), as displayed in figure 2(a). Figure 2(b) shows
a typical Z-profile of a slack bare Pd nanoribbon. A wedge
indenter (200 £ 50 nm tip radius, 15 um edge, 30° defining
angle, Micro Star Tech.) applies line load in the middle of a
freestanding nanoribbon for the microbridge testing. Notably,
stresses produced during the CVD synthesis remove the slack
and result in slightly taut nanoribbons after graphene growth,
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possibly due to thermal expansion mismatch between Pd and
the SiO,/Si substrate, as well as diffusion of Pd into the sub-
strate at high temperature. Figures 2(c) and (d) compare the 3D
and Z-profiles of as-grown PdGr nanoribbons with relatively
taut morphology. Straining the slack Pd nanoribbons during
nanoindentation can cause a displacement drift (A#%) in load-
displacement (P — k) which can effectively soften the apparent
stiffness during data analysis. This measurement uncertainty
is nontrivial but frequently ignored in testing of freestanding
thin films. In this study, we consider such displacement drift in
microbridge nanoindentation model and develop a numerical
analysis method to extract the elastic properties from indenta-
tion data properly.

Figure 2(e) presents the typical P — h curves from nanoin-
dentation measurements on a Pd nanoribbon and a PdGr nan-
oribbon. Deformation of the slack geometry causes a notice-
able hysteresis in the first one or two cycles of loading and
unloading curves for Pd, however, this is negligible for PdGr.
This hysteresis can add uncertainty in displacement measure-
ment and affect the fitting results. To minimize such measure-
ment uncertainty, we applied cyclic loadings on the same Pd
ribbon, as shown in figure 2(f). After the first loading cycle
(the black line), the subsequent loading curves almost coincide
which indicates that the slack nanoribbon adjusts itself perpen-
dicularly to the indenter edge and the nanoribbon deflection
becomes normal.

The elastic properties of a freestanding pre-strained nan-
oribbon can be extracted from the P — & behaviors using the
reported indentation models [25]. However, in our case, the
softening effect caused by specimen slack needs to be taken
into consideration. We analyze the deformation of a freest-
anding slack Pd nanoribbon, as sketched in figure 3(a). The
dark black line represents the Z-profiles of a Pd nanoribbon
before CVD synthesis. The slack of the bare Pd nanoribbon
is h0 = 0.8 pum. After cyclic loading, Pd nanoribbon adjusts
itself to the load applied by a wedge indenter and the slack
geometry becomes straightened. Depending on the initial slack
geometry, a Pd nanoribbon is subjected to flexural and ten-
sion deformation during straightening. The light gray line [
in figure 3(a) illustrates how the nanoribbon becomes taut with
a deflection A, and from this point onward, stretching along
the ribbon length direction dominates the nanoribbon load-
deformation. As indentation proceeds, the nanoribbon deflects
to hy, as shown in figure 3(a) line /. Previous studies have
shown that, except for a very small range of initial deforma-
tion, the bending deformation does not affect the calculation of
the elastic properties in microbridge testing and can be ignored
for ultrathin film materials [23, 25]. In this study, we focus on
the nanoribbon’s deflection from 4; to A, with the following
assumptions: the bending moment can be ignored, nanorib-
bon is stretched and elastic during indentation, nanoribbon is
effectively clamped on a rigid substrate without sliding. This
can be confirmed from the negligible difference among the
cyclic loading curves in figure 2(f). A new analysis is carried
out to accurately extract the modulus from the nanoindenta-
tion load displacement of nanoribbon having slack, and more
details are presented in the SI. In brief, the load-displacement
behavior of a slack Pd nanoribbon can be expressed as:

K Zhang et al
SAE 840\ 3 4AE  4AE 4Ac,
=" - )B4+ ———+ = hy;
’ (I(S) l(3)>2+< l0+l1 + lo>2

Notably, due to the slack, h, is greater than the real
indentation-induced displacement of the Pd nanoribbon as
shown in figure 3(a). In addition, there is a preload in nanoin-
dentation for zero-deflection point detection. In this study, the
preload is around 2 uN. A, can be expressed as the sum of
the measured deflection data and slack height Ay as well as the
pre-deflection £,,.

hy = h+ho + hpre = h+ hy; @)

P2:P+Ppre; (3)

Based on this analysis, instead of the cubic-linear relation in
the membrane model reported in previous studies [23, 25].
here we use a full 3rd order polynomial function (equation (4))
to analyze the P — h data:

P=fih’+fHh* + fsh+ fu; “4)

which gives precise and repeatable results of the elastic moduli
taking into consideration the non-ideal initial slack geometry.

3. Results

The elastic modulus of the suspended nanoribbons can be
determined by fitting the measured P — h loading or unload-
ing curves using equation (4). However, the proposed load-
displacement mathematical models accurately fit the measured
data only in the range where the assumptions of the model
hold: the nanoribbon which was originally slack became taut
due to the indentation load. We observe that the uncertainty
in zero-displacement significantly affects the fitting results
since a small displacement drift can lead to large uncertainty
in the elastic modulus due to the cubic term in equations (1)
and (S4). For nanoindentation measurement on slack nanorib-
bons, we need to avoid the early stage in P — & data (h < h;)
which corresponds to nanoribbon straightening deformation
and fit the stretching dominated region which can be captured
in the aforementioned analysis. Moreover, the nanoribbons
can plastically deform at large strains in nanoindentation [16].
Fitting the full range of P — h data using the elastic deforma-
tion models could hence lead to errors. To solve these limita-
tions, a careful selection of the fitting range of raw P — h data
can be used to precisely determine the elastic modulus using
the proposed indentation model, and this method is validated
numerically.

Figure 3(b) illustrates the strategy to determine the elastic
modulus of Pd thin films. The whole data is fitted using
equation (4) (also equation (S6)) at various fitting ranges (FR)
and varying starting points (SP), shown as the red dashed line
in figure 3(b). Varying these two enables the determination
of the taut configuration and extracts only the elastic mod-
ulus respectively. We calculate the root mean square error
(RMSE) of the least square fitting to examine the goodness
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Figure 3. The elastic modulus measurement approach, numerical validation and experimental data. (a) Schematic of the straightening and
stretching of a slack Pd nanoribbon. (b) Curve fitting of a typical P — h data of a Pd nanoribbon, with a varying fitting range (FR) and
starting point (SP). (c) Validation of numerical fitting method using the simulated P — & data from COMSOL. The distribution of calculated
elastic modulus E. (d) Histogram of calculated E in the range of 50-200 GPa, with a mean value of 107.1 GPa. (e) The distribution of
calculated elastic modulus E of the experimentally measured P — & data of a bare Pd nanoribbon. Pd thickness: 66 nm. (f) Corresponding
histogram of measured E to (e), with a mean value of 104.3 GPa. (g) The distribution of calculated elastic modulus £ of PdGr nanoribbon.

(h) Corresponding histogram of E to (g).

of curve fitting and use equation (S6) to determine the elastic
modulus for Pd. It is important to first validate this fitting
approach using finite element analysis (FEA) data. We model
in COMSOL various nanoribbons having initial slack with dif-
ferent geometries and indent them to extract a numerical P — h
curve, then apply the fitting approach to this data (see valida-
tion details in figures S2—S5 and SI). Figure 3(c) displays the

calculated moduli using the proposed numerical fitting method
on the simulated P — h data (figure S3(a)) using equation (S6)
with varying SPs and FRs. Figure 3(d) shows that the mean
value of the curve fitted modulus corresponds to the modulus
used in the FEA simulations (103 GPa) with less than 4%
error. Figure S3(b) provides more insights into the variations
in fitted modulus. It illustrates how very small SP leads to high
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RMSEs due to the slack. On the other hand, when the SP is
too large, the nanoribbon is under initial tensile stress at the
assumed zero-point which is not taken into account correctly.
Moreover, if the fitting range is too large, plastic behavior at
large ribbon deflections will affect the accuracy of the elastic
model. As a result, the calculated moduli with small or large
SP show unrealistic and inconsistent values from the given
property (103 GPa) in FEA, as shown in figure 3(c). Notably,
there is a fitting range with the intermediate SPs and FRs yield-
ing consistent modulus and the minimum RMSE. Converting
figure 3(c) into modulus histogram displayed in figure 3(d),
we can determine the mean calculated modulus of 107.1 GPa,
which has less than 4% error compared to the 103 GPa used
as the input modulus in FEA. We have extensively validated
the reliability of the proposed curve fitting method for the
microbridge testing data analysis in SI. The proposed analysis
method is robust for the different slack geometry (with a ‘S’
shape, see figure S4), as well as the nonsymmetric loading case
(see figure S5).

This approach is used to measure the moduli of Pd and PdGr
nanoribbons from indentation of suspended microbridges such
as the ones shown in figures 1 and 2. Figures 3(e) and (f) dis-
play the curve fitting results with the measured P — & data of a
slack Pd nanoribbon in the microbridge testing. The mean val-
ues and the data distributions are shown in figures 3(f) and (h),
and the moduli of Pd and PdGr are found to be 104.3 GPa
(66 nm thick) and 142.5 GPa (71 nm thick) respectively. Sim-
ilarly, we gain more insights by inspecting the roles of SP and
FR on the measured mean modulus. Figures 3(e) and (g) show
the existence of a fitting range in which the calculated elastic
modulus is stable relative to variations in SP or FR, while also
maintaining low RMSE (figure S6(a)). A small SP or FR, e.g.
FR = 1.8 um, leads to high RMSE and fluctuating modulus,
which indicates poor goodness of fitting due to the geometry
of slack and deformation in Pd nanoribbon at the beginning of
nanoindentation. While a large SP or FR, e.g. FR = 2.2 um,
gives the decaying modulus as SP increases due to plasticity
effects taking place at large deflections. Notably, there is a
plateau in E that is independent of SP and FR and reflects the
real elastic property of the nanoribbon, see the zoomed-in inset
in figure S6(b). This plateau in E coincides with the mean mod-
ulus value of 104.3 GPa shown in figure 3(f). For the P —h
region where the elastic theoretical model applies, consistent
E and low RMSE are expected. Figure S6(c) presents the cor-
relation of calculated £ and RMSE.

The indentation of graphene-coated Pd (PdGr) shows a
significant increase in the measured modulus compared to
Pd. Figures 3(g) and (h) display the E distribution in the fit-
ting space and the corresponding E histogram for one indent-
ation data for a PdGr nanoribbon. Figure S7 also displays
the corresponding RMSE and E distributions for cyclic load-
ing, from which we can determine the mean Ep;;, value
at 142.5+1.1GPa for a 71 nm thick PdGr film. Notably,
there is about 47 nm deviation in the measured width of as-
grown PdGr nanoribbon (figure 1(e)), which may affect the
modulus calculation. Figure S8 compares the modulus histo-
grams considering the PdGr width non-uniformity, and shows
< 2.3% error in mean Ep,g, value. Compared to as-deposited

Pd nanoribbons, there is over 35% increase of E due to bilayer
graphene (~ vg, =0.92vol.%) on the surface. Graphene is
expected to have strong interfacial adhesion on Pd so we
assume that there is no interfacial slip within the elastic regime
[34]. The results can also be affected by changes in the Pd
during synthesis [17] where carbon diffuses into interstitial
sites and could alter the elastic properties of the nanoribbon.
We hence isolate the graphene reinforcement effect by remov-
ing the graphene layers from the same PdGr sample with RIE
and testing the nanoribbon (also named as PdC to indicate
that the Pd contains carbon). The elastic modulus of a 71 nm
thick PdC film is measured by indentation and is found to be
119.8 £ 1.4 GPa. This confirms that the significant increase in
PdGr can be partially attributed to the changes during CVD
leading to the PAC in Pd (see later discussion on carbide-like
PdC). This approach allows us to precisely study the contribu-
tion of as-grown bilayer graphene to the composite elasticity
while examining the role interfacial mechanics on the elastic
behavior of the nanoribbons.

4. Discussions

4.1. The role of graphene and its interfacial mechanics in the
elastic behavior of PdGr composite

The material system selected for this study has strong advant-
ages for mechanical load transfer. It is known that Pd strongly
interacts with graphene as also manifested by the small sep-
aration between the Pd and C atoms (0.23-0.25 nm on Pd
(111) surface), a value smaller than the interlayer separation
in graphite and smaller than the separation between graphene
and other transition metals [34, 35]. The interfacial mechan-
ics is governed by in-plane strain mismatch between graphene
and Pd (111) for instance is ~3.3% in compression [31].
The sputtered Pd thin films after annealing are predominantly
(111), see electron backscattering diffraction (EBSD) ana-
lyses in figure S9. Moreover, due to mismatch between the
thermal expansion coefficients of graphene and the seed metal,
graphene is usually in strain after synthesis.

The interfacial strain in as-grown PdGr nanoribbons can be
characterized using Raman spectroscopy because it affects the
orbital hybridization of the carbon atoms hence it shifts the G
and 2D peak frequencies. Figure 4(a) shows the Raman spec-
troscopy of PdGr nanoribbons clamped on a TEM grid and
used for indentation. We observe two types of Raman spec-
tra. Firstly, on the clamped region where the PdGr is suppor-
ted on Si0,/Si TEM grid, Raman spectroscopy shows single
sharp G peak at ~1606.3 cm™~! and 2D peak at ~2695.4 cm~!.
Whereas, there is an obvious red shift in G mode frequency to
~1551.6 cm™! for the freestanding region on the same Pd nan-
oribbon. It is known that this Raman shift is due to not only the
strain in graphene but also the doping effect from metallic sub-
strates [36, 37]. We can extract the strain effect in graphene by
isolating the Pd substrate effect from Raman frequencies cor-
relation, as shown in figure 4(b). There is an offset in the cor-
relation of Raman wg — wyp frequencies between the pristine
graphene (with no strain no doping) and as-grown graphene
on the Pd substrate. It has been investigated that graphene
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Figure 4. Raman spectroscopy in a freestanding PdGr thin film. (a) Raman spectra of freestanding PdGr nanoribbon and clamped PdGr on
Si0;. The G peak in freestanding region is subjected to red shift with respect to that in supported region, representing the tension in
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supported on strongly interacting substrates, e.g. Ni and Pd
[34, 35], can be doped and show blue shifts in Raman frequen-
cies compared to the pristine graphene [37]. The purple line
in figure 4(b) represents the wg — wyp correlation of graphene
with different doping levels but in the same strain state. As a
result, graphene grown on the supported Pd area is slightly
compressed. This can be attributed to the lattice mismatch
strain (&,,;;) between graphene and Pd, as well as the polycrys-
talline substrate texture [30]. Notably, there is obvious red shift
in wg — wyp correlation of graphene grown on the freestand-
ing region of a PdGr nanoribbon, indicating that graphene is
stretched in these region [36]. The apparent slope in figure 4(b)
is the strain slope, where the data points at the bottom left
corner are under the largest tensile mismatch strains. This
agrees with the straightening of the nanoribbons and the asso-
ciated decrease in slack observed in the 3D profile measure-
ments. The exact absolute value of the strain cannot be pre-
cisely determined from these measurements since it requires
calibration to the Raman spectrum of graphene sitting epitaxi-
ally on Pd but without any mismatch strain. We use the results
of figure 4 to qualitatively demonstrate the tensile strains in
the graphene in the suspended nanoribbons.

4.2. Thickness-dependent elasticity of PdGr composite

Using these insights, we analyze the contributions of the
graphene and the interfacial mismatch strains on the meas-
ured moduli of PdGr. We adopt a new 3D/2D rule of mix-
ture approach that treats the PdC as a 3D ‘bulk’ material,
while treating the graphene as a 2D ‘surface’. The advantage
of this approach is it allows us to use the reported properties
of 2D modulus of graphene and other nanomaterials without
assumptions on the graphene thickness. The number of layers
of graphene can simply be incorporated in the model. Further,
the critical role playes by the nonlinear modulus component

of the graphene (softening) is considered especially given the
existence of strain mismatch between the graphene and the
nanoribbon. The tension per unit width in the deflected nan-
oribbons is

N = Epgctpac (€ — Emis) + 2nEZ (epis + €)

+2nD2 (s +€) + 03 (5)

where N is the tensile force per unit width during indentation,
tpac 1s the nanoribbon thickness, n is the number of graphene
layers (for example n for bilayer graphene), here we ignore
the interlayer sliding in few-layer graphene and assume each
layer effectively interacts with the underlying Pd substrate.
This is a suitable assumption due to the small strains applied.
€ is the uniaxial tensile strain in PdGr composite nanorib-
bon during nanoindentation, o, is the residual stress in the
nanoribbon due to stretching over the trench during growth,
and the factor 2 in equation (5) accounts for the top and bot-
tom surfaces of the nanoribbon. Here, we ignore the thick-
ness of graphene layer and introduce the 2D elastic constants
EZP = 340 Nm~!. Since molecular dynamic simulations and
experiments suggest that graphene shows quadratic depend-
ence on strain [13, 38], we consider the nonlinear elastic beha-
vior of as-grown graphene layer on Pd nanoribbons with a
third-order elastic constant DZ) = —690 Nm™!. The nonlin-
ear elastic constitutive behavior of graphene can be expressed
as oG = E2Pe + D?? [13]. We define the volume fraction
v= ”’% Straining of the Pd surface by graphene synthesis
could introduce the surface stress, which can contribute to the
measured modulus when the nanoribbon is strained due to the
quadratic term.

In this study, we use very small nanoindentation strains so
that € < €,,5. As a result, we can expand equation (5) and
ignore the resulting 2 term, giving:
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Figure 5. Increase in elastic modulus of graphene-coated Pd. (a) Dependence of the elastic moduli of bare Pd, PdGr and PdC on thin film
thickness. (b) Dependence of Epsg, — VEpgc on thin film thickness. Dashed line represents the fitted curve in the form of 1251.1/.

2D 2D _2
N = 0, 4 2nEG, €mis + 2nDg,.€,is — Epactpacemis
2nEPL +4nDPe s\
; te;

+ <EPdCV + (6)

where the interfacial strain due to growth cancels out
2nEXL e, + 2nD2Pe2 . — Epactpacemis = 0. The term in the

. 2nEZp +4an£s,m . .
bracket of equation (6) Epgycv + —<——2—"% is then equi-
valent to the measured elastic modulus of PdGr composite
nanoribbon as it depends on the applied indentation strain €.

Therefore,

2nEPL + 4nDPe i
t

Epacv = Epacr;

2nE2L + 4nD%Pe i
p .

= EpiGr — VEpac = (7

A couple of insightful conclusions can be drawn from this
simple analysis: (i) the quadratic modulus of graphene leads
to the dependence of the measured modulus on the mismatch
strain €,,; and (ii) the term Ep;s, — vEpsc can be a directly
measured and used to analyze the relative contributions of the
graphene modulus 2nE22 and the mismatch strain 4nD%¢,,,;;
on the nanoribbon elastic response. Figure 5(a) shows the
measured moduli of Pd, PdGr and PdC with different film
thicknesses. Indeed, experimentally, the elastic modulus of
bare Pd does not vary within the thickness range from 36 to
300 nm in this study. On the other hand, as discussed before,
the elastic modulus of PdGr thin films significantly increases
after the synthesis of graphene, and this increase is scale
dependent. More specifically, the PdGr modulus increases
notably as film thickness reduces. This not only stems from
the contribution of high in-plane stiffness of graphene in

PdGr composite, but is also affected by the graphene non-
linear elastic term DZG?and the large Pd-graphene interfacial
stress. Notably, after etching the graphene layer away, we
also release the interfacial elastic energy installed between
graphene and Pd. This confirms the nontrivial contribution of
the Pd-graphene interfacial stress on the elastic property in
PdGr composites.

Figure 5(b) plots the equation (7) with the measured Ep;g;,
and Epyc. By the least square fitting, 2nE22 + 4nD?Pe ;s ~
1251.1Jm™2. This suggests that graphene-induced surface
strain from high temperature synthesis can significantly
modify thin film materials’ elastic modulus. Using the values
from [13, 38] and = for bilayer graphene, we find a mismatch
strain €,,;; (tensile). More generally, it shows that graphene
is an effective reinforcement in Pd up to volume fraction
of ~0.3%.

Next, we try to study the origin of increase of the PdC
modulus (Epyc) by 14.8% compared to that of Pd (Ep;) even
when the graphene is removed by etching. Besides the expec-
ted interstitial carbon reinforcement effect, we also investig-
ated the formation of palladium carbide-like phase close to
the Pd surface after graphene growth. Figure 6(a) shows a
cross sectional TEM image of a PdGr thin film which shows
the graphene layers as well as the fringes associated with
the atomic spacings of the Pd. We measured the Pd lattice
fringes near the Pd-graphene interface and noted that they are
expanded to about 7.2% in comparison with Pd bulk values
(figure S10). This expansion can be related to carbon incor-
poration into the Pd lattice especially in the sub-surface sites
[39]. Importantly, carbon atoms in this carbon-rich layer close
to the Pd surface have preferred interstitial sites and can form
a carbide like Pd-C phase [40—42]. The formation process of
this Pd-C phase is unclear, nevertheless, there is a number of
theoretically reported stable Pd-C phases exhibiting very high
stiffness and hardness [43]. In light of these considerations,
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Figure 6. Formation of palladium carbide at the Pd-graphene interface during CVD synthesis. (a) TEM image shows the cross section of a
PdGr nanoribbon. Pd lattice expands close to the Pd-graphene interface. Scale bar: 2 nm. (b) Schematic of Pd-PdC-Gr laminated composite
structure in PdGr thin films. Notably, strong interfacial stress between Pd-graphene layers contribute to the elastic properties of PdGr
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palladium carbide. By tilting the sample to the angle w.r.t. beam, the Pd surface properties can be amplified. With 15° tilting angle, higher
binding-energy peak (335.9 eV) associated to PdC is observed. (d) C 1s XP spectrum for the grown PdGr thin film. A sharp peak at

284.4 eV confirms the sp? hybridized carbon (graphene), while a tiny lower binding-energy indicates the existence of carbide.

it is reasonable to propose a model with Pd/Pd-C/Gr laminated
structure for the grown PdGr composite thin film, as shown in
figure 6(b). In order to confirm the existence of Pd-C layer in
Pd subsurface, x-ray photoelectron spectroscopy (XPS) is used
to track the core level shift in Pd peaks. XPS measurements
are made using a Kratos Axis Ultra x-ray photoelectron spec-
trometer using monochromatic Al K« radiation (1486.6 eV).
The x-ray detection depth is about 10 nm. The binding ener-
gies are referenced to the graphitic C 1s signal at 284.4 eV.
We tilt the PdGr surface so that more subsurface signal could
be collected. Figures 6(c) and (d) present the Pd 3d and C 1s
XP spectra of as-grown PdGr thin film. As expected, the car-
bonaceous species shift the binding energy (BE) of surface Pd
atoms to the high BE side of the bulk Pd signal (core level
of Pd 3ds,~335.1 eV). The BE for this carbon-rich species
is found at about 335.7 eV, which is 0.6-0.8 eV shifted from
Pd 3d core level. This agrees well with the experimental and
calculated results for the sub-Pd surface Pd-C phase [40, 41].
In figure 6(d), the C 1s peak at BE = 284.4 eV is assigned
to graphene related peaks. The peak asymmetry toward lower
BE with a low intensity peak at ~283.7 eV is a signature of the
presence of carbide, which can be related to Pd-C bonds.

With the presence of the carbide phase near the Pd-
graphene interface, we can separate the 3D elastic modulus of
PdC into the carbide boundary layer modulus Eg and the pure
Pd modulus Ep; with the rule of mixture as Ep;c = Esvs +
Epy (1 —vg), where the surface layer thickness is s and the
volume fraction vg = l;ﬁ The thickness of g can be estimated
from the fringe spacings in the TEM of figures S6 and S7. For
example, for PdGr-4, tpg =~ 3.7nm and tpyc = 189 nm, with
the measured Epyc = 116.8 £2.5 GPa. Using the measured
value of Ep; = 108.0 2.6 GPa, we can estimate the modu-
lus for carbide phase about Eg = 332.8 GPa, which is in the
range of the reported theoretical results [43]. It is possible that
multiple types of stable carbide phases coexist in PdGr thin
film. However, this simple analysis leverages the imaging and
XPS to rationalize the measured increase in modulus of the
nanoribbons even when the graphene layer is etched.

5. Conclusions

In summary, we study the behavior of Pd nanoribbon coated
with graphene by CVD. We observe that the presence of
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bilayer graphene significantly increases the nanoribbons’
elastic modulus, and the increase can be mathematically
modeled using a framework that considers the graphene’s con-
tribution to the material’s surface modulus. This enhancement
not only stems from the high in-plane modulus in graphene
layer, but is also affected by its nonlinear elasticity which plays
a critical role owing to the interfacial stress induced by the lat-
tice mismatch during CVD synthesis. Notably, the interfacial
stresses at the graphene-metal interface is reminiscent of the
role of interphase in polymer nanocomposites [44]. With good
load transfer, graphene can be a very effective reinforcement
filler in metal-matrix composites, and the level of reinforce-
ment is strongly dependent on the stresses at the interface. In
addition, a very stiff Pd-C carbide-like phase is observed near
at the interface after graphene growth. This study suggests a
new route to enhance and study the elastic behavior of nan-
oribbons and thin films for applications ranging from flexible
electronic devices to chemical catalysis.

Beyond the engineering applications of this material, this
study employs several innovative aspects to reach its con-
clusions: (i) the selected material system—namely PdGr—
offers the critical advantage of strong interfacial interaction
and hence achieves effective strengthening; (ii) the method of
microbridge indentation is refined to account for the uncertain-
ties in the measured modulus due to the non-ideal bridge geo-
metry; (iii) the composite modulus is compared to and agrees
with a rule of mixture mathematical model which considers
the effect of graphene as a ‘surface’ modulus added to the
‘bulk’ modulus of Pd; (iv) the nonlinear modulus of graphene,
which plays a critical role when interfacial residual stresses
are present, is calculated, and finally (v) the role of Pd carbide,
which forms during the graphene synthesis, is considered.
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