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Freestanding two-dimensional �2D� few-layer graphene was formed through laser exfoliation of

highly ordered pyrolytic graphite, using a pulsed neodymium-doped yttrium aluminum garnet

�Nd:YAG� laser. Graphene sheets of several nanometers in thickness and micrometers in size were

obtained. The laser exfoliation process was investigated at different laser fluences and distances

between target and substrate. Three different phases, amorphous carbon, few-layer graphene sheets,

and thin graphite films, were obtained as the laser fluence increased. This study reveals an existing

route of forming freestanding 2D nanostructures through laser exfoliation. © 2011 American

Institute of Physics. �doi:10.1063/1.3584021�

Since the discovery of two-dimensional �2D� graphene

in 2004,
1

investigations on the single-layer sp2 carbon net-

work have increased exponentially, due to its extraordinary

carrier mobility
2

and potential applications in electronics.
3

Several methods have been investigated to synthesize

graphene, such as mechanical exfoliation,
1

epitaxial growth

on silicon carbide
4

or metal substrates,
5

and chemical

exfoliation.
6

Among these methods, mechanical exfoliation

offers the pristine graphene by a repetitive stick and peel

process from highly ordered pyrolytic graphite �HOPG�,
7

which avoids the high temperature, long processing time,

and metal catalyst in epitaxial growth,
4,5

as well as the per-

manent sp2 structural damage in chemical exfoliation.
6

Nevertheless, mechanical exfoliation is labor intensive, and

it leaves glue residues on samples which require high tem-

perature post-treatments.
8

To address this issue, simple and

fast laser exfoliation of HOPG was developed to obtain

graphene.

Pulsed lasers have been employed for growth of carbon

nanostructures of different dimensions, including fullerenes,
9

carbon nanotubes,
10

graphite and diamond-like carbon.
11

In

this study, the formation of freestanding 2D graphene was

achieved through laser exfoliation of HOPG using a pulsed

neodymium-doped yttrium aluminum garnet �Nd:YAG� la-

ser. The laser exfoliation process was investigated as a func-

tion of laser fluence and distance between target and sub-

strate. Carbon nanostructures of different phases were

obtained, including amorphous carbon, graphene, and thin

graphite films.

The experimental setup is shown in Fig. 1�a�. After

loaded with a commercial HOPG sample �SPI Supplies,

446HP-AB� as the target and a bare silicon �Si� wafer as the

substrate, the chamber was vacuumed to 10−5 Torr and then

filled with argon gas to 1 Torr. A pulsed Nd:YAG laser �Con-

tinuum Powerlite™ Precision II DLS 8010, wavelength

=532 nm, �=7 ns� with a repetition rate of 1 Hz was used

as the irradiation source with laser fluences from 0.8 to

20.0 J /cm2. The laser beam was focused to 1 mm and irra-

diated the HOPG surface at an incident angle of 45° at room

temperature. The same spot of the HOPG was irradiated for

only 1 or 2 pulses. Si substrates were used to collect the

ablated carbon materials. In a laser fluence range from 1.0 to

10.0 J /cm2, ultrathin sheet fragments were peeled off from

the HOPG, and deposited on the substrate as graphene, as

shown in Fig. 1�b�. A scanning electron microscope �SEM,

Hitachi S-4700�, a high-resolution transmission electron mi-

croscope �TEM, FEI Tecnai T12�, an atomic force micro-

scope �AFM, Veeco DI-3100�, and a micro-Raman spectrom-

eter �Renishaw inVia, excitation wavelength of 514 nm�
were used to study the graphene sheets.

Figure 2 shows the Raman spectra of HOPG and

graphene obtained at a laser fluence of 5.0 J /cm2. G band

around 1580 cm−1 and 2D band near 2700 cm−1 are the

most prominent Raman features of graphene.
12

The G bands

a�
Author to whom correspondence should be addressed. Tel.: �402� 472-

8323. FAX: �402� 472-4732. Electronic mail: ylu2@unl.edu.

FIG. 1. �Color online� �a� Schematic of the experimental setup. �b� Illustra-

tion of the formation of few-layer graphene through laser exfoliation of

HOPG.

APPLIED PHYSICS LETTERS 98, 173108 �2011�

0003-6951/2011/98�17�/173108/3/$30.00 © 2011 American Institute of Physics98, 173108-1

http://dx.doi.org/10.1063/1.3584021
http://dx.doi.org/10.1063/1.3584021
http://dx.doi.org/10.1063/1.3584021


from both HOPG and graphene appear at 1580 cm−1 �Fig.

2�. The 2D band of graphene is at 2700 cm−1, with sym-

metrical shape and full width at half maximum �FWHM� of

�65 cm−1.
13

HOPG has a broader and upshifted 2D band at

2720 cm−1, compared with the few-layer graphene.
12,13

The

IG / I2D ratios of the HOPG and the few-layer graphene are

1.37 and 0.87, respectively.
12

The weak D band near

1350 cm−1 refers to the disorder in sp2 carbon network.
14

Figure 3�a� shows an AFM image indicating a 3.9 nm thick

graphene. Figure 3�b� is a low-magnification TEM image

showing a transparent graphene with several micrometers in

size as well as rippled and folded morphologies. As shown in

Fig. 3�c�, the high-magnification TEM image located at the

folded edges shows a ten-layer graphene.
12

To study the mechanism of graphene formation, the laser

exfoliation process was studied as a function of laser fluence.

The deposited carbon materials can be classified into three

categories: amorphous carbon, few-layer graphene, and thin

graphite films, as shown in Fig. 4. Nothing was obtained on

the substrate below 0.8 J /cm2, which was estimated to be

the ablation threshold
15

of HOPG. Amorphous carbon was

deposited at 0.8 J /cm2, with SEM image and Raman spec-

trum shown in Figs. 4�a� and 4�b�.
16

The graphene was ob-

tained from 1.0 to 10.0 J /cm2. As shown in Fig. 4�c�, the

graphene obtained at 5.0 J /cm2 shows an ultrathin morphol-

ogy. Corresponding Raman spectrum is shown in Fig. 4�d�.
At a higher laser fluence, such as 20.0 J /cm2, thin graphite

films appeared, as shown in Fig. 4�e�. The increase in IG / I2D

ratio and the FWHM of 2D band of thin graphite films in

Fig. 4�f� indicates the increase in film thickness,
12–14

as com-

pared with those of few-layer graphene in Fig. 4�d�. Based

on the experimental observations, the formation mechanism

of 2D few-layer graphene in laser exfoliation is suggested as

follows.

Photothermal and photochemical processes are fre-

quently considered in laser ablation.
16,17

The C–C bond en-

ergy of the ground electronic states in HOPG is estimated to

be 3.7 eV.
18

The photon energy equivalent to a wavelength

of 532 nm is 2.3 eV, not sufficient for direct photochemical

bond breaking. Therefore, the photothermal mechanism

plays a major role in the laser exfoliation.

Ablation depth of the HOPG target is another factor

to be considered.
19

The HOPG is ablated into single

atoms, molecules, clusters, or fragments, at different laser

fluences.
20

A laser fluence of 0.8 J /cm2 is not sufficient to

ablate the HOPG into nanosheets as the target surface does

not change after the laser irradiation. From 1.0 to

10.0 J /cm2, the laser energy is sufficient to ablate the HOPG

into graphene sheets a few nanometers thick. A laser pulse of

higher fluence �20.0 J /cm2� ablates the HOPG into thin

graphite films, with a thickness between 50 and 200 nm.

Consequently, the HOPG is thermally decomposed into

monomers and small clusters below 1.0 J /cm2, which are

deposited as amorphous carbon.
21

Between 1.0 and

10.0 J /cm2, the main product of few-layer graphene con-

firms that more macromolecules or large sheet fragments,

rather than small molecules or clusters, are ablated from the

HOPG target.
22

The influence of distance between target and

substrate was studied from 15 to 60 mm. The distance does

not affect the formation of the three carbon phases within

their fluence range.

HOPG has a layered structure and is made of many

graphene layers, which is essential for the graphene forma-

tion by laser exfoliation.
7

HOPG and compressed graphite

tablets were used for comparison. Under the same condition

from 0.8 to 20.0 J /cm2, amorphous carbon was the only

product from the compressed graphite tablets while graphene

was obtained from the HOPG target.

In summary, we discovered an existing route for the for-

mation of 2D few-layer graphene using pulsed laser exfolia-

tion of HOPG. Graphene sheets of a few nanometers in

thickness and tens of micrometers in size were obtained.

With the increase in laser fluence �from 0.8 to 20.0 J /cm2�,
three different carbon phases, amorphous carbon, few-layer

graphene, and thin graphite films, were formed. The forma-

tion mechanism was suggested: a pristine sp2 carbon target

with a plane surface �HOPG�, a laser with photon energy

lower than C–C bond energy �3.7 eV�, and an appropriate

ablation depth contributed to the formation of few-layer

graphene by laser exfoliation. The graphene sheets are

FIG. 2. �Color online� Raman spectra of HOPG and few-layer graphene.

FIG. 3. �Color online� �a� AFM measurements show a 3.9 nm thick

graphene. �b� Low-magnification and �c� high-magnification TEM images of

a ten-layer graphene.
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formed on various substrates at room temperature, revealing

their potential applications in electronics, optoelectronics,

and mechanics.
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�e� SEM image and �f� Raman spec-
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