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Determining graphene adhesion via substrate-regulated morphology
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(Received 9 June 2011; accepted 25 September 201 1; published online 28 October 2011)

Understanding the adhesion between graphene and other materials is crucial for achieving more
reliable graphene-based applications in electronic devices and nanocomposites. The ultra-thin
profile of graphene, however, poses a significant challenge to direct measurement of its adhesion
property using conventional approaches. We show that there is a strong correlation between the
morphology of graphene on a compliant substrate with patterned surface and the graphene-
substrate adhesion. We establish an analytic model to quantitatively determine such a strong
correlation. Results show that, depending on the graphene-substrate adhesion, number of graphene
layers, and substrate stiffness, graphene exhibits two distinct types of morphology: (I) graphene
remains bonded to the substrate and corrugates to an amplitude up to that of the substrate surface
patterns; (II) graphene debonds from the substrate and remains flat on top of the substrate surface
patterns. The sharp transition between these two types of graphene morphology occurs at a critical
adhesion between the graphene and the compliant substrate material. These results potentially open
up a feasible pathway to measuring the adhesion property of graphene. © 2071 American Institute

of Physics. [doi:10.1063/1.3656720]

. INTRODUCTION

The exceptional electronic and mechanical properties of
graphene'? have inspired tantalizing potential applications,
such as transparent flexible displays,” biochemical sensing
arrays,* and graphene-reinforced nanocomposites.’ Since the
electronic properties of graphene are closely tied to its mor-
phology, controlling graphene morphology over large areas
becomes essential in enabling future graphene-based devi-
ces.®’ Moreover, in order to achieve more reliable graphene-
based electronics and graphene-reinforced nanocomposites,
it is crucial to understand the adhesion between graphene
and other materials (e.g., a flexible substrate or a polymer
matrix). However, direct measurement of the adhesion prop-
erty of ultra-thin graphene is rather challenging,® as the tradi-
tional metrology of adhesion at macroscopic scales becomes
unsuitable in dealing with samples of extremely small
dimension. For example, the commonly used peeling tests,
wedge tests, or double-cantilever beam methods require pre-
cise determination of the interfacial cracking, which
becomes extremely challenging in manipulating ultra-thin
films such as graphene. In this paper, we present an analytic
model to explicitly determine the morphology of mono-layer
and few-layer graphene regulated by an underlying compli-
ant elastic substrate with patterned surface and show that
such regulated morphology of graphene is strongly dependent
on the graphene-substrate adhesion. In particular, the sharp
transition between two distinct types of graphene morphology
on the patterned surface of the compliant substrate can
be used to quantitatively determine the graphene-substrate
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adhesion. Results from this study on the one hand offer a
quantitative guideline for controlling graphene morphology
on compliant substrates and on the other hand open up a fea-
sible pathway to characterizing the adhesion properties
between graphene and various elastic materials.

Recent experiments show that the morphology of
substrate-supported graphene is largely regulated by the sub-
strate surface, distinct from the random corrugations of free-
standing graphene.’"* For example, mono-layer and few-
layer graphene are shown to partially follow the surface mor-
phology of various substrates (e.g., GaAs, InGaAs, and
Si0,).!"1* These observations have motivated analytic and
computational models to quantitatively determine the regu-
lated graphene morphology.'>*° However, the existing ana-
lytic and computational models are mainly based on two
assumptions. First, the substrate is assumed to be rigid and
thus does not deform when interacting with the graphene.
Second, only mono-layer graphene is considered. Results
from these existing models shed important light on the
substrate-regulated graphene morphology; however, the two
assumptions limit the general applicability of these models.
In reality, it is much easier to fabricate few-layer graphene
than mono-layer graphene, and thus, few-layer graphene is
more commonly used in applications such as graphene-
reinforced nanocomposites. Transfer printing technique also
allows for transferring graphene from a mother wafer onto a
wide range of substrate materials, such as polymers and elas-
tomers.”'*> The morphology of few-layer graphene regu-
lated by a compliant substrate depicts rather rich
characteristics that cannot be readily captured by the existing
models. For example, recent experiments show that an 8-
layer graphene on a compliant polydimethylsiloxane
(PDMS) substrate can closely conform to the sinusoidal

© 2011 American Institute of Physics
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surface grooves of the PDMS. By contrast, a 13-layer gra-
phene remains nearly flat on the grooved substrate surface.
Although a theoretical model is offered to calculate the de-
formation in the graphene-substrate system, the bending ri-
gidity of few-layer graphene is over-estimated and the
tension in graphene is neglected.”> To overcome the limita-
tions of existing models, we establish a generalized analytic
model to explicitly determine the morphology of mono-layer
and few-layer graphene regulated by the patterned surface of
a compliant elastic substrate.

Il. ANALYTIC MODEL

Figure 1 illustrates the typical transfer printing process
of graphene from a mother wafer to a compliant substrate
with patterned surface and possible resulting structures. An
n-layer graphene (n>1) fabricated on a stiff and smooth
mother wafer (e.g., silica for mechanically exfoliated gra-
phene or copper for chemically grown graphene) is brought
in contact with a compliant substrate (e.g., polymer or elasto-
mer) with patterned surface; pressure is then applied to guar-
antee the full contact between the graphene and the substrate
(e.g., the patterned surface is flattened under pressure). Upon
release of the pressure, the mother wafer is lifted from the
compliant substrate. If the graphene adheres more strongly
to the compliant substrate than to the mother wafer, the gra-
phene is left on the compliant substrate.

The resulting morphology of the graphene on the pat-
terned surface of the compliant substrate is dictated by the
competition between the graphene-substrate adhesion energy
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FIG 1. (Color online) (a) Schematic of the transfer printing of a few-layer
graphene from a flat and stiff mother wafer onto a compliant substrate with
sinusoidal surface grooves. The resulting graphene morphology can be cate-
gorized into two types. Type I: If the graphene-substrate adhesion is suffi-
ciently strong, graphene remains bonded to the compliant substrate and
corrugates to an amplitude up to that of the substrate surface grooves (b-d).
The graphene amplitude depends on the substrate stiffness and the number
of graphene layers. Type II: If the graphene-substrate adhesion is weak, gra-
phene debonds from the substrate and remains flat on top of the substrate
surface grooves (f). (e) and (g) schematically plot the total free energy,
E, + E; — I'ys, as a function of the amplitude of graphene corrugation in
Type I and Type II, respectively.
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and the strain energy in the graphene-substrate laminate. The
regulated graphene morphology can be categorized into two
types:

Type I. If the graphene-substrate adhesion energy
(denoted as I'yy) is strong, the graphene remains bonded to
the compliant substrate at the price of increased strain energy
due to the corrugation of the graphene (denoted as E,) and
the distortion of the substrate near the portion underneath the
graphene (denoted as Ej) (e.g., Figs. 1(b)-1(d)). The ampli-
tude of the graphene corrugation can be determined through
minimizing the total free energy (ie., £, +E; — I'y), as
illustrated in Fig. 1(e);

Type II: If the graphene-substrate adhesion energy is
weak and cannot balance the aforementioned strain energy
of the graphene-substrate laminate (i.e., E, + E; > 'y,
Fig. 1(g)), the graphene-substrate interface debonds. As a
result, the graphene remains nearly flat on the top of the pat-
terned substrate surface while the substrate surface recovers
to its original pattern (Fig. 1(f)). In such a case, the strain
energy of the graphene-substrate laminate is negligible.

After the transfer printing process, the strain energy of
the Type I corrugated graphene consists of the contributions
from bending and stretching of the graphene. While the
bending energy of the graphene is determined by its out-of-
the-plane deflection, the membrane energy of the graphene
depends on both its in-plane displacement and out-of-plane
deflection. In reality, relative sliding between the graphene
and the underlying substrate may occur during transfer
printing, which can mitigate the in-plane stretching of the
graphene. Such relative sliding depends on the graphene-
substrate friction and detailed transfer printing conditions,
which is often difficult to quantify. To overcome such an
uncertainty, here we consider the following two limiting
cases.

In one limiting case, we assume there is no relative slid-
ing, i.e., the graphene deforms from a flat profile to a sinusoi-
dal wavy profile by purely deflecting out of the plane while
the in-plane displacement of the graphene is zero. Assuming
the profiles of the patterned substrate surface and the Type I
corrugated graphene morphology in x-y plane to be w;(x,y)
and w,(x,y), respectively, the bending energy of the gra-
phene is given by

2 2
s [[D | [(Pwe | OPwy B 0w,
Ee= ” 2 ( 2 T 02y +201-v) Oxdy

2 9
w0 wg)}dxdy, 0
y

where D is the bending rigidity and v the Poisson’s ratio of
the graphene, respectively.

The in-plane strain of the graphene in such a limiting
case results from the out-of-plane deflection, and the strain
components are given by

1 (0w, * 1 /0w, \* 1 Ow, Ow
sszi(a—xg>7 syy:—(—g) and &y =-—2—*%.
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Therefore, the membrane energy of the graphene is given by

E" = H g (o 20) "+ 201 =) (2, — ety ) | ddy, 3)

where C is the in-plane elastic modulus of the graphene. The
total strain energy of the graphene is thus given by

_ b m
E,=E)+E". 4)

In another limiting case, the graphene is allowed to slide
freely on the substrate surface so that the stretching in
the graphene can be fully relaxed. In other words, the
strain energy of the graphene results solely from its bending,
that is,

E,=E). ©)

Assuming the distortion deformation of the compliant sub-
strate underneath the graphene is elastic, the resulting strain
energy of the substrate is equivalent to the work done by the
graphene-substrate interfacial traction p(x, y) over the distor-
tion displacement of the substrate surface (ws — wg). That is,

E, = ”%P(Ws - Wg)dXdy (6)

The total strain energy, E, + E,, obtained from the above
formulation can then be compared with the graphene-
substrate adhesion energy, I'y, to determine the resulting
graphene morphology. For example, for a given substrate
material and its surface profile, E, + E; is computed over a
certain range of graphene corrugation amplitude (e.g., from
zero to the amplitude of the substrate surface pattern). If
(Eq + E) pin < I'gss the graphene remains bonded with the
substrate and corrugates with an amplitude corresponding to
(Eq + E) i Gee., Type I, Fig. 1(e)). If (Eq + Ej) in > Toss
the graphene debonds from the substrate and remains flat on
the substrate grooves (i.e., Type II, Fig. 1(g)).

lll. RESULTS AND DISCUSSION

We next apply the above analytic model formulation to
determine the morphology of n-layer graphene regulated by
a compliant substrate patterned with sinusoidal surface
grooves. The profiles of the surface grooves and the resulting
Type 1 graphene morphology are described by w, =
Agcos(2mx/A) and w, = A,cos(2mx/ 1), respectively, where
A, and A, are the amplitude of the grooves and the graphene
corrugation, respectively, and 4 the wavelength. Substituting
w, into Egs. (1)=(3) gives that, for the limiting case of no
relative sliding of the graphene, the average strain energy of
the graphene over one groove period is

J

1 (D rPw\* C fow,\*
E, —-||Z £) 1= (22 |4
¢ AJ2<82x>+8(8x> !
0
4n4DA§ 3n4CA;‘
= +

a4 4,4

. (7
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where the first term on the right side denotes the contribution
from the bending energy and the second the contribution
from the membrane energy; and thus, for the limiting case of
graphene freely sliding on the substrate surface, the average
strain energy of the graphene over one groove period is

4n*DA?
E, = :
£ j'4

®)

The distortion deformation of the elastic substrate surface
underneath the graphene (A, — A,)cos(kx) results in a
graphene-substrate interfacial traction p = (nY,/1) (A, — Ay)
cos(kx),> > where Y is the plane strain Young’s modulus
of the substrate material. Thus, the average strain energy of
the substrate over one groove period is given by

_ n¥
4]

E, (A —Ap). )
To benchmark the above formulation, we take I’y =
0.17J/ m’ (representative of graphene-polymer adhesion),
A= 1.5 um, and A; = 100 nm (comparable to recent experi-
ments).”* For an n-layer graphene, its bending rigidity D is
taken to be (3.87° — 3.6n%) x 10" Nm?® and its in-plane
elastic modulus C = 340n N/m.” Figure 2 plots the normal-
ized graphene amplitude A, /A, as a function of the substrate
plane strain Young’s modulus Y, for various numbers of gra-
phene layers n =1, 10, and 35, respectively. For the limiting
case of no graphene sliding on the substrate (Fig. 2(a)), if the
substrate is very compliant (e.g., Yy < 1 MPa), the graphene
remains bonded to the substrate and assumes a rather flat
morphology (e.g., Type I, A;/A; < 1). In other words, the
substrate surface grooves underneath the graphene are nearly
flattened. As the substrate becomes stiffer, the graphene
becomes more corrugated (increasing A,). For a given sub-
strate stiffness, the thicker the graphene layers (higher bend-
ing rigidity), the less the graphene is corrugated. For a given
n, however, there exists a critical substrate stiffness, higher
than which the graphene debonds from the substrate and
remains flat on the substrate surface grooves (e.g., Type II,
A, /A; = 0). The transition from Type I to Type II graphene
morphology is sharp. The critical substrate stiffness
decreases as n increases. For the limiting case of the

(a) . (b) . 1 layer
M Type |
0.8 A A Type 1] 0.8 1
<tm 0.6 1 <«. 0.6 10
< ., <,
0.4 1 layer 0
0.2 1 /0 0.2
35 NN
0 0 - T T r v
0 1 ~ 10 100 1000 0 1 ~ 10 100 1000
Ys (MPa) Ys (MPa)

FIG. 2. The normalized graphene amplitude A,/A; as a function of Y, for
n=1, 10, and 35, respectively, for (a) the limiting case of no graphene slid-
ing on the substrate and (b) the limiting case of graphene freely sliding on
the substrate. Note the sharp transition between Type I (square marks) and
Type II (triangle marks) graphene morphology at certain combinations of ¥,
and n.
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FIG. 3. The normalized graphene amplitude A, /A, as a function of n for
Y, = 1 MPa, 10 MPa, and 1 GPa, respectively, for (a) the limiting case of no
graphene sliding on the substrate and (b) the limiting case of graphene freely
sliding on the substrate. Note the sharp transition between Type I (square
marks) and Type II (triangle marks) graphene morphology at certain combi-
nations of Y, and n.

graphene freely sliding on the substrate (Fig. 2(b)), a mono-
layer graphene completely conforms to the surface grooves
of a substrate of any stiffness (A,/A; = 1) and a few-layer
graphene (e.g., n=10) corrugates slightly on a rather com-
pliant substrate but conforms closely to the surface of a suffi-
ciently stiff substrate. However, the morphology of a thick
graphene layer can sharply switch between Type I and Type
IT at a critical substrate stiffness (e.g., at Ys ~ 100 MPa for
n=235).

~ Figure 3 further plots Ag /A, as a function of n for
Y, =1 MPa, 10 MPa and 1 GPa, respectively. For the limit-
ing case of no graphene sliding on the substrate (Fig. 3(a)), if
the substrate is compliant (e.g., YX = 1 MPa or 10 MPa), the
graphene remains bonded to the substrate and assumes a
slightly corrugated morphology (e.g., Type I). For a given
Yx, A, decreases as n increases. On a sufficiently stiff sub-
strate (e.g., YS = 1 GPa), graphene with any number of
layers debonds from the substrate and remains flat (Type II).
For the limiting case of the graphene freely sliding on the
substrate (Fig. 3(b)), if the substrate is compliant (e.g.,
Y, =1 MPa or 10MPa), graphene remains bonded to the
substrate and A, decreases gradually as n increases (Type I).

Substrate stiffness Y,

1 10 20 30
Number ofgraphene layers n

FIG. 4. (Color online) The map of (E, + E;) ;.

40 1
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If the substrate is sufficiently stiff (e.g., ¥ = 1GPa), a thin-
ner graphene (n <32) remains bonded and fully conformed
to the substrate (Type I) while a thicker graphene (n > 33)
debonds from the substrate and remains flat (Type II). Such a
sharp transition in graphene morphology is similar to the
snap-through instability of graphene morphology on a corru-
gated substrate predicted by models and observed in
experiments.' %1722

The sharp transition between Type I and Type II gra-
phene morphologies sheds light on characterizing the
graphene-substrate adhesive properties. As an illustration,
Fig. 4 maps the minimum strain energy of the graphene-
substrate laminate, (E, + Ej),,;,» in the space of Y, and n, for
the limiting cases of no graphene sliding (Fig. 4(a)) and gra-
phene sliding freely (Fig. 4(b)) on the substrate surface. If,
for a given Y,, a critical number of graphene layers n,, can
be determined from experiments at which the graphene mor-
phology switches between Type I and Type II, the energy
levels corresponding to (7, Y}) in Figs. 4(a) and 4(b) define
the upper and lower bounds of the graphene-substrate adhe-
sion energy I'y;. For example, taking n., =13, Y, = 1.6 MPa,
Fig. 4 gives I'y, ranging from 3.5 mJ/m? to 7.4 mJ/m?, which
agrees reasonably well with the experimental results on
graphene-PDMS adhesion®? (~7.1 mJ/m?). On the other
hand, for a given I'y,, the corresponding contour line in the
energy map defines a boundary below which the graphene
assumes Type I morphology and above which it assumes
Type II morphology. For example, the solid contour line of
I'y=0.11] /m2 in Fig. 4(a) intersects the dotted lines of
n=1, 10, and 35, defining a critical substrate stiffness for
each n that corresponds to the sharp transition between Type
I and Type II morphology revealed in Fig. 2(a). Similarly,
the solid contour line in Fig. 4(b) intersects the dotted line of
n =735 and that of )73 = 1 GPa, defining a critical substrate
stiffness and a critical number of graphene layer that corre-
spond to the sharp morphologic transition revealed in
Figs. 2(b) and 3(b), respectively. While Fig. 4 is specifically

J/m2

(b)

: , : J
10 20 30 40
Number ofgraphene layers n

in the space of Y and n for the limiting cases of (a) no graphene sliding and (b) graphene freely sliding on the

substrate, respectively. The energy levels in (a) and (b) corresponding to a combination of Y and n at which graphene morphology switches between Type 1
and Type II define the upper and lower estimates of the graphene-substrate adhesion energy I'ys. The solid contour line denotes I'y; = 0.1 J /mz, which defines
a boundary below which the graphene assumes Type I morphology and above which it assumes Type II morphology. The three vertical dotted lines in (a) and
those in (b) correspond to the cases in Figs. 2(a) and 2(b), respectively. The three horizontal dotted lines in (a) and those in (b) correspond to the cases in Figs.
3(a) and 3(b), respectively. The intersections of the dotted lines and the solid lines (circles) indicate the sharp transitions between Type I and Type II in Figs. 2
and 3. For a given Y, the dashed line in Fig. 4(a) defines a critical number of graphene layers, larger than which the corresponding (Eg + Ey)pin 18 0.29 Jj/m?
greater than that for the case of n= 1. Inter-layer separation of the graphene may occur in the region above this dashed line.

min
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applicable to the case of few-layer graphene on a compliant
substrate with sinusoidal surface grooves, similar energy
maps for few-layer graphene morphology regulated by other
patterned substrate surfaces can be readily obtained follow-
ing the formulation of the generalized analytic model
delineated in Sec. II.

The present model assumes no inter-layer sliding
between graphene layers during the transfer printing process.
In reality, when the curvature of substrate surface is large
and the graphene-substrate adhesion energy is strong, inter-
layer shearing between different graphene layers due to con-
forming to the substrate surface may be severe enough to
cause inter-layer sliding. As a result, the strain energy of the
few-layer graphene is partially relaxed. In this sense, the
present model overestimates the adhesion energy between
the graphene and the substrate if inter-layer sliding occurs.
Besides inter-layer sliding, the separation between graphene
layers may also occur. When the top layers of graphene sepa-
rate from the bottom ones, the strain energy in the graphene-
substrate structure is partially released, serving as the driving
force for inter-layer separation. The critical value of such a
driving force to initiate graphene inter-layer separation is
estimated to be 0.29 J/mz, the carbon-carbon inter-layer ad-
hesion energy.?’ For the limiting case of no sliding between
the graphene and the substrate (i.e., Fig. 4(a)), for a given
substrate stiffness Y, (E, + Ej),,;, increases monotonically
with the number of graphene layers, n. Therefore, there
exists a critical number of graphene layers n, for a given Y,
at which the corresponding (Ei + Ey),;, overweighs that for
the case of n=1 by 0.29J/m". In other words, if the few-
layer graphene is too thick (e.g., n > n.,), inter-layer separa-
tion may occur. The dashed line in Fig. 4(a) plots the corre-
sponding ., for various fs, which estimates a boundary in
the space of Y, and n, below which inter-layer separation in
few-layer graphene does not occur, and thus, the present
model is valid. For the limiting case that graphene can slide
freely on the substrate surface (i.e., Fig. 4(b)), the total strain
energy density in the graphene-substrate structure is less
than 0.29 J/m?. In other words, there is no sufficient driving
force to initiate the inter-layer separation. Therefore, the
present model is valid within the full space of Y and n used
in Fig. 4(b).

IV. CONCLUSIONS

In summary, we show that strong correlation exists
between the adhesion property of graphene and its morphol-
ogy regulated by the patterned surface of a compliant sub-
strate. We delineate an analytic model to quantitatively
determine the regulated morphology of the graphene. Two
distinct types of graphene morphology emerge from the
results: Type (I) graphene remains bonded to the substrate
and corrugates to an amplitude up to that of the substrate sur-
face patterns; Type (II) graphene debonds from the substrate

J. Appl. Phys. 110, 083526 (2011)

and remains flat on top of the substrate surface patterns. The
sharp transition between these two types of graphene mor-
phology can potentially open up a feasible pathway to char-
acterizing the adhesion between graphene and various elastic
materials, a property that is rather challenging to measure
directly. We, therefore, call for further experiments to
explore such an approach.
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