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The films of few-layer graphene are formed through laser exfoliation of a highly ordered pyrolytic graphite
(HOPG), without a catalytic layer for the growth process. The femtosecond (fs) laser exfoliation process is
investigated at different laser fluences and substrate temperature. For fs laser exfoliation of HOPG, the
few-layer graphene is obtained at 473 K under an optimal laser fluence. The formation of few-layer graphene
is explained by removal of intact graphite sheets occurred by an optimal laser fluence ablation. The new insights
may facilitate the controllable synthesis of large area few-layer graphene.
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Since the discovery of two-dimensional (2D) graphene in
2004[1], gaining a huge amount of research interest in recent
years due to its exceptional optical, electrical, chemical,
and mechanical properties. For example, grapheme-based
photodetectors have been fabricated for high-speed optical
communication, wide band optical detection, terahertz de-
tection and other applications[2–7]. To take advantage of
graphene’s saturable absorption, the graphene is applied
to the Q-switching and mode locking technology[8,9]. There
are various methods of graphene preparation including:
mechanical exfoliation, chemical vapor deposition (CVD),
Epitaxial growth on SiC, oxidation-reductionmethod, and
pulse laser deposition (PLD) technology[1,10–16]. Among
these methods, the PLD is relatively simple and fast estab-
lished vacuum technology for graphene film growth and
has been a popular method for fabricating graphene by a
long-pulsed laser[14–16]. For instance, freestanding 2D few-
layer graphene was formed through laser exfoliation of
highly ordered pyrolytic graphite (HOPG)[14,15], which
avoiding the high temperature and metal catalyst in epi-
taxial growth. However, the size of obtained graphene films
is too small that cannot provide base for integrated device
fabrication. Furthermore, the femtosecond (fs) pulse laser
is applied rarely for the few-layer graphene of pulsed laser
deposition. To address this issue, and to explore the
mechanism of the formation of graphene deposited by fs
pulse laser exfoliation of HOPG, a simple and fast fs pulse
laser exfoliation of HOPG is demonstrated.
In this Letter, the formation of few-layer graphene is

achieved through fs pulse laser exfoliation of HOPG
without a catalytic layer. The laser exfoliation process
is investigated as a function of laser fluence and different
substrate temperature. Our findings suggest that the few-
layer graphene can be obtained at an optimal fluence
(0.3 J∕cm2). A scanning electron microscope (SEM), an

atom force microscope (AFM) and a Raman spectroscopy
are sued to study the few-layer graphene film.

The experimental setup is shown in Fig. 1. After loaded
with a commercial HOPG as the target and a bare
n-doped silicon (Si) (1 0 0) wafer as the substrate, and
the distance between the HOPG target and the silicon
substrate is 50 mm, the chamber is vacuumed to
10−6 Torr. In the experiment, the irradiation source with
laser fluences from 0.1 to 0.5 J∕cm2 is an amplified Ti:sap-
phire fs laser system, which provides 80 fs pulses of an en-
ergy of 3 mJ∕pulse operated at a 1 kHz repetition rate at a
central wavelength of 800 nm. The beam power profile is
Gaussian. After passing through attenuator, the fs laser
pulses is focused through a 400 mm lens toward HOPG
at an angle of 45°. In the experiment, the irradiation time
is controlled by an electromechanical shutter, and the
same spot of the HOPG is irradiated for 4 pulse. The sub-
strates are mounted on a continuously rotating target in
order to guarantee a homogeneous consumption, during

Fig. 1. Schematic image of the laser deposition system.
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the ablation process. PLD is carried out at two different
substrate temperature (300 and 473 K) and three laser flu-
ences (0.1, 0.3, and 0.5 J∕cm2). A SEM, an AFM, Raman
spectrometer excitation wavelength of 514 nm were used
to study the simples.
Figure 2 shows the Raman spectra of graphene films de-

posited at 473 K using three different laser fluences (0.1,
0.3, and 0.5 J∕cm2). Visible Raman spectroscopy is a suit-
able technique to probe the structure of sp2 rich carbon as
visible excitation is highly sensitive toward sp2 bonding
and its photons resonate with the π states. The spectra of
graphene consist of three peaks at 1350, 1590, and
2700 cm−1, G band around 1590 cm−1 and 2D band near
2700 cm−1 are the most prominent Raman features of gra-
phene[17]. The weak D band near 1350 cm−1 refers to the
disorder in sp2 carbon network[18]. The G peak is character-
istic of the carbon sp2 structure and a nonresonant scat-
tering process, reflecting its asymmetric and cleanliness. It
occurs due to the in-plane vibrations of the sp2 carbon
whether in chain or ring form. The peak at near
2700 cm−1 is the second order D peak, which is generally
referred to as the 2D peak, is present even in the absence of
defect. No 2D peak was detected for sample at two fluence
of 0.1 and 0.5 J∕cm2, and the deposited carbon material
are amorphous on Si surface. The 2D peak is only seen at a
laser fluence of 0.3 J∕cm2, as shown in Fig. 2. The ratio of
intensity of G band to 2D (IG∕I 2D) is often used to extract
the number of layers of graphene[17,19]. The IG∕I 2D ratio is
0.5 for monolayer graphene and increases with increase in
number of layers, since the G band becomes more promi-
nent[20]. By this approximation, the IG∕I 2D ratio about
1.07 at the laser fluence of 0.3 J∕cm2, which transformed
the three into four layers, clearly showing features of few-
layer graphene. The full width at half-maximum (FWHM)
of the 2D band for the film deposited at 0.3 J∕cm2 is
80 cm−1, which is higher than 65 cm−1, reported for gra-
phene[21]. Figure 3 shows an AFM and three-dimensional
(3D) image indicating a 3.49 nm thick film. Figure 4
shows optical image of a PLD-grown few-layer graphene
film (blue) deposited at 473 K with a laser fluence of
0.3 J∕cm2. The few-layer graphene film transferred to a

polymentyl–methacrykate (PMMA)/Si substrate (gray
background) is visible on 1 μm (PMMA) using white light.
The single layer usually appear as a light blue sheet,
and the color becomes darker as the number of layers
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Fig. 2. Raman spectra of samples deposited at 473 K by three
different pulsed laser fluences exfoliate the HOPG.

Fig. 3. AFM and 3D image indicating a 3.49 nm thick film
deposited at 473 K with a fluence of 0.3 J∕cm2.

Fig. 4. Optical image of a PLD-grown few-layer graphene film
(blue) transferred to a PMMA/Si substrate (gray background).
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increases[22]. In our experiment, a darker blue film is found,
as shown Fig. 4. Meanwhile, the blue of the few-layer gra-
phene is darker than the optical image of a CVD-grown
graphene film transferred to a SiO2∕Si substrate[11].When
white light though the substrate and reflect to the surface
of the film[23], we suggest that a thicker substrate lead to
weaken the intensity of white light, resulting in darker
the film[4].
Figure 5 shows that the Raman spectra of samples

deposited at 300 K by three different pulsed laser fluences
(0.1, 0.3, and 0.5 J∕cm2). We find that the 2D is also only
obtained at 0.3 J∕cm2, as shown in Fig. 5. Meanwhile, the
2D (2715 cm−1) and G peak of the sample deposited at a
fluence of 0.3 J∕cm2 are broad largely, and G peak devi-
ates the G (1590 cm−1) peak of pristine graphene, as
shown in Fig. 5. For fs pulse laser irradiating the solid tar-
get, the high energy particles are ejected and the particles
have high temperature. So, when the plume interacts with
substrate, the carbon particles react to the around oxygen,
and the sample thus is oxidized. Furthermore, the fre-
quency of thermal vibrations of atoms is inertial at the
low temperature with the substrate. According to the
results of two experiments, only an optimal fluence of laser
can few-layer graphene be deposited by fs pulse laser ex-
foliation of HOPG, and the high substrate temperature
promotes the layered growth and is beneficial for the gra-
phene growth.
According to the previous study about the physical

mechanisms for damage formation in graphite films[24],
the low fluence ablation threshold (>2.0 eV∕atom) is
the removal of intact graphite sheets and does not
involve melting. In contrast, the high fluence threshold
(>3.3 eV∕atom) corresponds to bond breaking processes
inside the graphite layers and leads to ultrafast melting
and expansion of the film. According to Refs. [24,25],
in this experiment, the intensity was determined so
that the graphite films absorb E0 ¼ 0.9; 2.7; and 4.5 eV,
respectively, corresponding a carrier density of nc ¼
6.1 × 1022 cm−3, λ ¼ 800 nm and three fluences of

F ≈ 0.1, 0.3, and 0.5 J∕cm2, respectively[25,26]. The abla-
tion threshold of HOPG is about 0.23� 0.05 J∕cm2 for
the ultrashort laser pulse(s) of the wavelength λ¼ 800 nm.
The laser fluences of 0.3 J∕cm2 is more close to threshold
of 0.23� 0.05 eV∕atom. Meanwhile, the optimal pulse la-
ser fluence (0.3 J∕cm2) leads to enough strong vibrational
excitation of the graphite layers, resulting in a significant
movement of the atoms perpendicular to the graphite
planes. Therefore, few-layer graphene is obtained at
0.3 J∕cm2. For the high laser fluence of 0.5 J∕cm2, the
energy density is enough to break the C-C bond, and
thus few-layer graphene is not obtained. In addition,
Russo et al. performed a simple, green, and scalable
method for the production of porous graphene[26]. It is
found that the formation of porous graphene depends
on the fs laser ablation energy. It is further demonstrated
that fs laser ablation energy plays an important role in the
formation of the graphene.

In conclusion, few-layer graphene film is fabricated on
Si substrates using the fs laser exfoliation of HOPG. The fs
laser exfoliation process is investigated at different laser
fluence and substrate temperature. The formation of
few-layer graphene films deposited at 473 K is only ob-
tained at an optimal fluence. The formation of few-layer
graphene is explained by a removal of intact graphite
sheets occurred by an optimal laser fluence ablation.
These results are valuable for understanding the growth
mechanism of graphene, and the new insights can facili-
tate the controllable synthesis of large area few-layer
graphene.
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Fig. 5. Raman spectra of samples deposited at 300 K with differ-
ent pulsed laser fluencies.

COL 13(2), 021601(2015) CHINESE OPTICS LETTERS February 10, 2015

021601-3



12. C. Faugeras, A. Nerriere, M. Potemski, A. Mahmood, E. Dujardin,
C. Berger, and W. A. de Heer, Appl. Phys. Lett. 92, 011914 (2008).

13. D. R. Dreyer, S. Park, C. W. Bielawski, and S. Ruoff, Chem. Soc.
Rev. 39, 228 (2010).

14. M. Qian, Y. Zhou, Y. Gao, J. Park, T. Feng, S. Huang, Z. Sun, L.
Jiang, and Y. Lu, Appl. Phys. Lett. 98, 173108 (2011).

15. A. T. T. Koh, Y. M. Foong, and D. H. C. Chua, Appl. Phys. Lett. 97,
114102 (2010).

16. H. Zhang and P. X. Feng, Carbon 48, 359 (2010).
17. A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri,

F. Mauri, S. Piscanec, D. Jiang, K. S. Novoselov, S. Roth, and
A. K. Geim, Phys. Rev. Lett. 97, 187401 (2006).

18. M. S. Dresselhaus, A. Jorio, M. Hofmann, G. Dresselhaus, and R.
Saito, Nano Lett. 10, 751 (2010).

19. A. N. Obraztsov, E. A. Obraztsova, A. A. Zolotukhin, and A. V.
Tyurnina, J. Exp. Theory Phys. 106, 569 (2008).

20. D. S. Lee, C. Riedl, B. Krauss, K. von Klitzing, U. Starke, and J. H.
Smet, Nano Lett. 8, 4320 (2008).

21. J. S. Park, A. Reina, R. Saito, J. Kong, G. Dresselhaus, and M. S.
Dresselhaus, Carbon 47, 1303 (2009).

22. Z. H. Ni, h. M. Wang, J. Kasim, H. M. Fan, T. Yu, Y. H. Wu, Y. P.
Feng, and Z. X. Shen, Nano Lett. 7, 2758 (2007).

23. L. Gao, W. Ren, F. Li, and H. Cheng, ACS Nano 2, 1625 (2008).
24. H. O. Jeschke, M. E. Garcia, and K. H. Bennemann, Phys. Rev. Lett.

87, 1 (2001).
25. D.H.Reitze,H.Ahn,andM.C.Downer,Phys.Rev.B45, 2677 (1992).
26. P. Russo, A. Hu, G. Compagnini, W. W. Duley, and N. Y. Zhou,

Nanoscale 6, 2381 (2014).

COL 13(2), 021601(2015) CHINESE OPTICS LETTERS February 10, 2015

021601-4


