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mendous attention because of its
superior characteristics and potential
applications.' 3 Its two-dimensionality as
well as its high flexibility, conductivity, and
transparency make graphene a promising
candidate for flexible electronics.*~” Usually,
flat graphene sticks well to a flexible substrate,
e.g., polyethylene terephthalate or polydime-
thylsiloxane (PDMS), by weak van der Waals
interaction. However, under a large structural
deformation, sliding or even fracture is ex-
pected for graphene on its supporting substr-
ate due to the rigid nature of graphene within
its basal plane. A strategy for overcoming this
adhesion failure under high levels of strain is to
buckle graphene into 3D periodical structures,
which can accommodate structural deforma-
tions as large as its supporting substrates.
Self-organized graphene ripples have
been achieved for suspended or PMMA-
supported graphene by heating,** but ap-
proaches of controllable graphene buckling on
elastomeric substrates are still absent. In this
article, we have fabricated buckled graphene
on elastomeric PDMS substrate by using a
nonlinear buckling technique, which was pre-
viously developed by Whitesides et al® and
widely applied for various materials.” '®
Here we show the successful buckling of
graphene on elastomeric PDMS substrate
with nanoscale, periodic, ripple-like geome-
tries. The as-made graphene ripples on
PDMS show fully reversible structural defor-
mations under large tensile strain (>30%),
indicating their potential uses as flexible
electronic materials under extreme stretch-
ing conditions. Strain sensors based on these
buckled graphene ribbons or nanographene
films on PDMS are demonstrated for detect-
ing large levels of tensile strain.

Since 2004, graphene has attracted tre-

RESULTS AND DISCUSSION

Fabrication of Graphene Ripples. The fabrica-
tion process is illustrated in Figure 1. An

WANG ET AL.

ABSTRACT In this study, we report a buckling approach for graphene and graphene ribbons on

stretchable elastomeric substrates. Stretched polydimethylsiloxane (PDMS) films with different

prestrains were used to receive the transferred graphene, and nanoscale periodical buckling of

graphene was spontaneously formed after strain release. The morphology and periodicity of the as-

formed graphene ripples are dependent strongly on their original shapes and substrates' prestrains.

Regular periodicity of the ripples preferred to form for narrow graphene ribbons, and both the

amplitude and periodicity are reduced with the increase of prestrain on PDMS. The graphene ripples

have the ability to afford large strain deformation, thus making it ideal for flexible electronic

applications. It was demonstrated that both graphene ribbon and nanographene film ripples could

be used for strain sensors, and their resistance changes upon different strains were studied. This

simple and controllable process of buckled graphene provides a feasible fabrication for graphene

flexible electronic devices and strain sensors due to its novel mechanical and electrical properties.
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exfoliated graphene sample made by mecha-
nical cleavage from HOPG was first put on
SiO, (300 nm)/Si substrate with alignment
marks. Graphene ribbon arrays were then
fabricated by electron beam lithography
and dry etching techniques as previously
reported.'” The graphene ribbons transfer
process, from SiO,/Si to prestrained PDMS,
was carried out by following a recipe in
which the PMMA thin film was used as
mediator to manipulate graphene.'®' A
ca. 300 nm thick PMMA (950 000 MW, 5 wt
% in anisole) film was spin coated (at
4000 rpm) on SiO,/Si substrate prior to the
transfer, followed by baking at 170 °Cfor2 h
to obtain a thin film embedded with gra-
phene ribbons. The PMMA/graphene rib-
bons film was then released from the SiO,/
Si substrate by wet chemical etching in aqu-
eous KOH (1 mol, 80 °C) or HF (5%, 30 °C)
solution. After a deionized water rinse, the
released PMMA/graphene ribbons film was
transferred and attached to a mechanically
prestrained PDMS substrate with a thickness
of ~2—4 mm. The tensile prestrain is defined
as e =AL/L, where L is the PDMS initial length
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Figure 1. Schematic diagram of the process for buckled graphene ribbon fabrication on PDMS substrate. The graphene
ribbon arrays on SiO,(300 nm)/Si substrates are fabricated by electron beam lithography and dry etching, followed by 300 nm
thick PMMA film spin coating and baking to obtain a thin film embedded with graphene ribbons. The PMMA/graphene
ribbons film is then released from the SiO,/Si substrate by wet chemical etching and then transferred and attached to a
mechanically prestrained PDMS substrate with ribbon alignment along the prestrain direction. The buckled graphene
ribbons are formed through releasing PDMS prestrain followed by removal of the PMMA overlay in hot acetone.

and AL is the relative length change after stretching.
During the transfer process, these graphene ribbons
were attached on the prestrained PDMS substrate with
alignment along the strain direction. In order to re-
move the trapped water between PMMA/graphene
and PDMS substrate, vacuum annealing at 100 °C for
30 minis necessary. The PMMA is finally removed in hot
acetone (80 °C) before strain releasing. Releasing this
prestrain of PDMS creates, through a nonlinear buck-
ling process, graphene ripples with regular periodicities.
This spontaneous formation of highly periodic and
stretchable waved structures of graphene is well con-
trolled by adjusting the ribbon geometry as well as the
prestrain magnitude.

Figure 2a and b show AFM images of 500 nm wide
monolayer graphene ribbon arrays before and after buck-
ling. A 30% of prestrain was used for creating graphene
ripples. The buckled narrow graphene ribbons all show
very regular surface morphology with periodical struc-
tures, and the amplitude and periodicity of these
graphene ripples are around ~80 and ~340 nm, cor-
respondingly. The graphene ribbons tested for rippling
usually have a length of 10 um and width of up to
1—2um, and rippling can always be formed on the area
covered with graphene through strain release. We also
investigated the surface morphologies of monolayer
graphene ripples formed under different prestrains.
The left three images in Figure 3 (a, ¢, and e) show the
AFM images of graphene ripples on PDMS formed
under different prestrains of ey = 10%, 20%, and
30%, respectively. The height profiles along the line
cut marked in each image are shown to the right
(Figure 3b, d, f), indicating the ripples' periodicities
varying from 360 to 470 nm and amplitudes varying
from 50 to 80 nm depending on different prestrains. It
was noted that both the amplitudes and periodicities
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of the ripples decrease with increased prestrains. In
addition, the ripple formation also depends on the
width and thickness of the graphene ribbons: wider
and thicker ribbons have larger amplitudes and peri-
odicities, which is consistent with previous studies on
other materials.®~%2

Raman Spectroscopy Analysis. The spontaneous forma-
tion of graphene ripples during prestrain release re-
sults from the mismatch of the elastic modulus
between graphene and the PDMS substrate. In addi-
tion to the geometry change, there is also compressive
strain induced in the graphene basal plane after buck-
ling. The strain can be detectable by Raman spectros-
copy, as the D or 2D mode of graphene is very sensitive
to strain,”>?* where the D mode is the disorder-in-
duced features associated with the double resonance
scattering processes and the 2D mode is the second
order of the D mode. The Raman spectra of a typical
graphene sample before transfer (on SiO,/Si, black
curve) and after buckling (on PDMS, with prestrain of
30%, red curve) are shown in Figure 4. No obvious
variations in either the G and D peak positions or the
integrated intensity ratio of the 2D to G peak (/;p/lg)
were observed even after many stretching-and-release
cycles, indicating that the buckling process does not
increase the defects of the graphene ribbons. How-
ever, the 2D peak of the graphene ripples on PDMS is
blue-shifted by ~15 cm™', compared with the peak
position for flat graphene on SiO,/Si (~2700 cm™).
Blue-shifts for both G and 2D peaks after annealing
were found in the graphene ripples formed on PMMA,’
while for our graphene ripples, the G peak shows no
obvious change and only the 2D peak is blue-shifted.
The G-peak line shift can be affected only by doping
but not uniaxial strain.?® As a result, the 2D peak shift is
the optimal parameter for estimating uniaxial strain in
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Figure 2. AFM images of graphene ribbon arrays before and after buckling. The prestrain on PDMS was 30% used to create
graphene ripples. (a) Flat graphene ribbons before buckling, on SiO,/Si substrate. (b) Buckled graphene ribbons after
releasing prestrain on the PDMS substrate, showing periodic ripple shapes. Zoomed-in images for marked area of (a) and (b)

are shown on the right.

Raman measurement. The blue-shift of the G peak in ref 5
might be caused by charge transfer doping after anneal-
ing. The blue-shift of the 2D peak is responsible for the
compressive strain induced during the buckling process,
and the amount of uniaxial strain in the graphene ripples
can be roughly estimated from the formula (Aw,p/e) =
WoY2n(1—0.186) = (dw,p/de) ~ —64 cm '%.*° The
calculated Gruneisen parameter y,p is 2.84, as reported
in ref 23. For the resulting Aw,p of 15 cm ™" in Figure 5d,
the uniaxial strain is below 0.3%, which is quite small.
Two-Terminal Graphene Rippled Devices. Buckled gra-
phene on flexible substrates can afford very high
compressive and tensile strains, thus making it useful
for high-level strain sensors. During stretching of the
graphene ripples on PDMS, structural deformations
can change the electrical conductivity, as graphene's
electrical properties are very sensitive to its structural
change. Two-terminal buckled graphene ribbon de-
vices were fabricated on 300-nm-SiO,/Si substrates
with Ti (2 nm)/Au (50 nm) as the contact metals, then
transferred to prestrained PDMS. The contact electro-
des were defined by electron beam lithography, metal
deposition, and lifting-off techniques prior to gra-
phene transfer. After prestrain releasing, graphene
ripples between the source and drain electrodes were
created. Note that the buckling for electrodes was also

WANG ET AL.

created but with much larger periodicity (around 10 um
scale for 5 um wide electrodes; refer to inset in Figure 5a).
I—V curves of a device under different tensile strains of
the device on PDMS (Figure 5a) show several important
features, which are further developed in the plots shown
in Figure5b. For this particular device, graphene ripples
were formed with a PDMS prestrain of 20% from a
graphene ribbon with an original width of 1.5 um and
length of 22.8 um. From the data, we can see that the
linear |-V characteristics are inherent not only for flat
graphene but also for buckled graphene, indicating
their metallic nature. Figure 5b shows the device resis-
tance response upon different tensile strains. The device
resistance decreases linearly from 5.9 to 3.6 k€2 when
experiencing a strain of 0% to 20%. The minimum
resistance of 3.6 kQ corresponds to a state of totally
relaxed graphene, that is, flat graphene. Compared with
the flat graphene, the resistance increase of the gra-
phene ripples can be ascribed to the nonflatness for
buckled geometries, since the effective length of gra-
phene ripples stay the same during buckling. Note that
the intrinsic strain induced by buckling in these graphene
ripples is very small (less than 0.3%, as mentioned above),
and the resistance change due to the intrinsic strain is
insignificant. Graphene's nonflatness can act as an addi-
tional source of scattering for charge carriers, thus leading

voL.5 = NO.5 = 3645-3650 = 2011 ACNJANIC)

WWww.acsnhano.org

3647



gpre =10%

spre =2

P
(o}
N
N o
0 O

150 nm

|
Height (nm)
8 o

Epre = 30%

_——~

—h

S
o
=

150 nm

|
Height (nm)
B =

o
o

(b) goF

AN A a AAAAARA

At

N
(3]

Distance (um)

nnAnnAﬂA

vvvvvvvvvvvv

0 7 3 4 5
Distance (um)

AN M a2,
AL A

2 3 4 5
Distance (um)

o
-

Figure 3. Monolayer graphene ripples formed under different prestrains on PDMS. (a, ¢, and e) AFM images of graphene
ripples formed under prestrains of ¢, = 10%, 20%, and 30%, respectively. (b, d, and f) Height profiles along the line marked in

(a), (c), and (e), respectively.

to increased resistance.® Our results are also consistent
with the experimental observations reported in the ref 27.
The gauge factor (GF) is defined by the ratio of relative
change in electrical resistance to the mechanical strain,
and GF ~ —2 was derived for this device from the plots.

We also fabricated a buckled nanographene film on
PDMS by a similar technique to that described above.
The film consists of uniform nanographene domains
(with domain size of tens of nanometers) connecting
with each other by stacking overlaps at the edges,*®
and the AFM image of the film after buckling (PDMS
prestrain e, = 30%) is shown in Figure 5c. Sheet
resistance of the buckled nanographene film under
different tensile strains was measured with a GF ~ 0.55
(Figure 5d), showing an opposite trend of that shown
in Figure 5b. The sheet resistance of the nanographene
network mainly comes from the interconnections of
adjacent nanographene domains. After buckling, these
nanographene domains become more compact and
overlapped for the interconnections, leading to re-
duced electrical percolation pathways in the film. Thus,
the increased sheet resistance of the buckled nano-
graphene film was achieved during the flattening/
stretching process. It is noted that the process of
buckling and stretching either in buckled graphene
ribbons or in nanographene films is fully reversible, and
the electrical and mechanical relation is stable in each
buckling and stretching cycle.

WANG ET AL.
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Figure 4. Typical Raman spectra of graphene before buck-
ling on SiO,/Si (black curve) and after buckling on PDMS
(red curve) in the same region. The vertical arrows in the
inset indicate the expected 2D band position (~2700 cm ™)
change. For the spectra marked with red, the PDMS sub-
strate Raman signal was already subtracted.
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CONCLUSIONS

In summary, two-dimensional structures of gra-
phene can be integrated with a prestrained elasto-
meric substrate to create buckled layouts. The results
presented here are the first observations of nonlinear
buckling morphology in graphene ribbons. The geo-
metrical configurations of these graphene ribbons
depend on the prestrains of the elastomeric substrates

VOL.5 = NO.5 = 3645-3650 = 2011 A@@M

O
N/

WWww.acsnhano.org

3648



(a)of —
4t
0
g

g 2t €pe= 0%
—— &= 10%

i —— £pe=20% |

6t g ; L
-20  -10 0 10 20

Voltage (mV)

EoreF fid%

1 (b)

—_—

Q

=

Res

(d
<)

~—

Sheet Resistance (

istance

6.0k .
5.5kt

o
o
=
.
.

4.5k} 1
4.0k
3.5kt 1
0 5 10 15 20

Applied Strain (%)

17.5k — T
17.0k
16.5k -
16.0k
15.5k}

15.0k

25

14.5k L ‘ . " .
5 10 15 20
Applied Strain (%)

30

Figure 5. Comparison of resistance response under different strain between the rippled graphene device and buckled
nanographene film device. (a) /-V curves of a two-terminal ripple graphene device under different strain. The insets are
optical images before and after buckling. 20% prestrain was used to create the rippled graphene device. The width and length
of the conducting graphene ribbon prior to buckling are 1.5 and 22.8 um, respectively. (b) Resistance response of the rippled
graphene device upon different strain. The resistance decreases linearly from 5.9 to 3.6 kQ2 when experiencing a strain of 0%
to 20%. The minimum resistance of 3.6 kQ2 corresponds to a state of totally relaxed flat graphene. (c) AFM image of a buckled
nanographene film for a sample prepared with ¢, = 30%. (d) Resistance of the buckled nanographene film device as a
function of applied strain, which shows a trend opposite of rippled graphene in (b).

used in the fabrication and also on the width and
thickness of graphene. The resistance characteristics of
buckled graphene ribbons and nanographene films in
the buckling and stretching process demonstrate the
capabilities of graphene in high-performance strain

METHODS

Sample Preparation and Lithographic Patterning. Graphene sam-
ples were prepared by mechanical cleavage method from
HOPG (grades ZYA from SPI) and transferred to the 300-nm-
Si0,/P*2-Si substrate. The SiO5 substrates were premarked for
both sample and lithography positioning. Five percent PMMA in
anisole was spin-coated at 4000 rpm on the as-prepared
samples, and e-beam lithography (Raith 150 system) and oxy-
gen plasma etching were used for patterning of graphene into
various ribbon arrays. Oxygen plasma etching was performed in
a reactive ion etching system (PlasmalLab 80 Plus, Oxford
Instruments Company) by using pure O, as reactive gas, 100
W of plasma power, and 0.1 Torr of pressure for 10's.

AFM and Raman Characterization. The surface morphologies of
the as-made graphene ripples were investigated by atomic force
microscopy (AFM) in the tapping mode (Veeco Instrument,
multimode, NanoScope llid). All the Raman spectra were mea-
sured by a Jobin Yvon T64000 system. The excitation light is a
532 nm laser, with an estimated laser spot size of 1 um. To avoid
damaging and heating, the laser power was controlled at T mW.

Device Fabrication and Measurements. Graphene ribbons pat-
terned on 300-nm-thick SiO, on Si substrate were used for
device fabrication by e-beam lithography, metal deposition (Ti
(1.5 nm)/Au (30 nm), by e-beam evaporation), and lifting-off
techniques. Then the two terminal graphene ribbon devices
were transferred from the SiO,/Si substrate to prestrained
PDMS using the same transfer processing for graphene. After
removing the PMMA overlay and prestrain releasing, the rippled
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sensor applications. Our precise and controllable fab-
rication of buckled graphene ribbons and nanogra-
phene films provides an easy and feasible method for a
scaled-up process of buckled graphene for potential
flexible electronic devices.

graphene device was achieved. Electrical properties were char-
acterized in air with an Agilent semiconductor parameter
analyzer (4156C).
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