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The nonlinear optical properties of graphene oxide 共GO兲 were investigated at 532 nm in nanosecond
and picosecond regimes. Results show that two-photon absorption dominates nonlinear absorption
process of GO in the case of picosecond pulses, while excited state nonlinearities play an important
role in the case of nanosecond pulses. Additionally, we compared nonlinear optical properties of
three different dimensional carbon-based materials 共two-dimensional graphene, one-dimensional
carbon nanotube, and zero-dimensional fullerene兲 in nanosecond and picosecond regimes,
respectively. The nonlinear mechanism of GO is distinctly different from nonlinear scattering of
carbon nanotube and excited state nonlinearity of fullerene. © 2009 American Institute of Physics.
关DOI: 10.1063/1.3068498兴
this paper, we report the NLO properties of GO at 532 nm in
nanosecond and picosecond regimes. Two-photon absorption
dominates NLA process of GO in the case of picosecond
pulse, which is distinctly different from CNT and fullerene.
GO was prepared by the modified Hummers method.15
Atomic force microscopy 共AFM兲 images confirmed that GO
was comprised of isolated graphitic sheets. GO sample was
prepared in the solution of DMF 共N, N-Dimethylformamide兲.
UV-visible 共UV-vis兲 spectra were recorded on a VARIAN
Cary 300 spectrophotometer using a quartz cell with a path
length of 10 mm. Figure 1 shows the UV-vis absorption
spectra of GO in DMF. GO shows a strong absorption band
at 268 nm. The spectra are plotted in the wavelength range
from 250 to 700 nm for DMF solution. Note that the bumpy
plot in the short wavelength under ⬃270 nm is not reliable
because of the strong absorption of solvent DMF and its
unlikely complete compensation.16 The inset in Fig. 1 is a
typical tapping mode AFM image of GO sheets deposited on
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Carbon exists in various allotropes: three-dimensional
共3D兲 diamond, two-dimensional 共2D兲 graphene, onedimensional 共1D兲 nanotube, and zero-dimensional 共0D兲
fullerene. Scientists are familiar with the 3D, 1D, and 0D
carbon nanostructures owing to their outstanding properties
and great potential applications in many fields.1,2 Graphene,
as a very recent rising star in materials science with atomically thin 2D structure consisting of sp2-hybridized carbon,
exhibits remarkable electronic and mechanical properties.3–6
Theoretically, the molecules of other carbon allotropic forms
can be built from graphene. For example, 1D carbon nanotubes 共CNTs兲 can be built by rolling up graphene with different layers and 0D fullerenes can be built by wrapping up
from a single layer of graphene. It is known that perfect
graphene itself does not exist and the solubility and/or processability come as the first issue for many perspective applications of graphene-based materials. So far, chemical
functionalization of graphene has been focusing on improving its solubility/processability in both water and organic
solvents7,8 using different soluble groups. The presence of
oxygen-containing groups in graphene oxide 共GO兲 makes it
strongly hydrophilic and water soluble.8
Both 1D CNT and 0D fullerene have been reported to
have good optical nonlinear properties.9–12 Single-walled
CNTs 共SWCNTs兲 and multiwalled CNT suspensions have
been reported to have strong optical limiting effects in nanosecond regime.12–14 However, fullerenes have large excited
state absorption in nanosecond and picosecond regimes,
which is a different nonlinear absorption 共NLA兲 mechanism
from CNT.10 It is essential for applications of materials to
make clear the mechanism of nonlinear optical 共NLO兲 properties. Due to unique and large 2D -electron conjugation
systems of graphene, much like that in fullerene and CNTs,
we expect that GO would exhibit good NLO properties. In
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FIG. 1. 共Color online兲 UV absorption of GO in DMF. The inset is an AFM
image of GO sheets.
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FIG. 2. Open aperture Z-scan curves of GO in DMF at
different intensities. Solid lines represent theoretical fits
obtained using Eqs. 共1兲 and 共2兲. I0 is on-axis peak intensity at focus.
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a mica substrate from a dispersion, and the height difference
between arrows is ⬃1.2 nm, indicating an individual GO
sheet. The average size of GO sheet is about 2 m.
NLO properties of GO were measured by using Z-scan
technique.17 In Z-scan measurements, a Q-switched neodymium doped yttrium aluminum garnet 共Nd:YAG兲 laser 共Continuum Surelite-II兲 and a mode-locked Nd:YAG laser 共Continuum model PY61兲 were used to generate 5 ns pulses and
35 ps pulses at 532 nm. The sample was filled in a 1-mm
length quartz cell. The beam waist radius is about 20 m.
C60 was employed as a standard. No scattering signal was
observed in the process of Z-scan measurements. Figure 2
gives open aperture picosecond Z-scan results of GO in DMF
with concentration of 0.5 mg/ml at the input intensities of
2.1, 4.5, 10, and 34⫻ 109 W / cm2, respectively. At the lowest input intensity of 2.1⫻ 109 W / cm2, the normalized
transmission curve in Fig. 2共a兲 shows a symmetrical peak
with respect to the focus 共z = 0兲, indicating that saturable absorption 共SA兲 in the sample dominates NLA mechanism. Remarkably, by increasing the input intensities to 4.5, 10, and
34⫻ 109 W / cm2, as shown in Figs. 2共b兲–2共d兲, a valley
within the peak appears at the focus and becomes deeper
increasingly, which implies that reverse saturable absorption
共RSA兲 or two-photon absorption 共TPA兲 appears following
SA and finally a NLA transition occurs in GO.
Both SA and RSA originate from excited state absorption 共ESA兲 process. When the absorption cross section of the
excited state is smaller than that of the ground state, the
transmission of the system will be increased when the system
is highly excited. This process is called SA. ESA and TPA
are the important processes leading to NLA behavior in organic materials. Under resonant and near resonant excitations, ESA is the dominant mechanism, whereas under nonresonant excitation TPA dominates the NLA behavior.18
Under certain excitation conditions, both ESA and TPA may
be operative simultaneously to lead to higher nonlinearities.
From the abovementioned results, we can see two composite
NLAs with opposite signs in the graphene solution at 532
nm. To interpret the flip of SA around the beam waist, we
combine a SA coefficient and the TPA coefficient to yield the
total absorption coefficient as19

10

␣共I兲 = ␣0

1
+ ␤I,
1 + I/IS

共1兲

where the first term describes SA and the second term describes positive NLA such as TPA. ␣0 is the linear absorption
coefficient, which is 789 m−1 for the graphene solution at
532 nm. I and IS are laser radiation intensity and saturation
intensity, respectively. ␤ is TPA coefficient.
We theoretically fitted experimental results by solving
the propagation equation of electric field envelope E:

冉 冊

E
2k2
1  E
− ik␣E +
r
− 2ik
n2兩E2兩E = 0,
z
r r r
n0

共2兲

where n2 is nonlinear refractive index and k is wave vector.
The numerical simulation of Eq. 共2兲 was made by the Crank–
Nicholson finite difference method. The best fit is obtained
by using Is = 2.1⫻ 109 W / cm2 and ␤ = 2.2⫻ 10−9 cm/ W.
Theoretical simulations are in good agreement with the experimental results. This illustrates that the model we used is
reasonable. The closed aperture Z-scan experiments showed
that no obvious nonlinear refractive was observed.
In nanosecond regime, the origination of NLA will become more complicated due to participation of more excited
state transitions.20 Therefore, ESA will play a more important role in the case of nanosecond pulses. From nanosecond
open aperture Z-scan results, we can see that TPA coefficient
␤ changes as input intensity increases and IS = 1.2
⫻ 108 W / cm2 was obtained. The value of ␤ is larger about
one order of magnitude than that in picosecond regime, respectively, which indicates that NLA of GO is enhanced
greatly because of the contribution of ESA in nanosecond
regime. To illustrate the difference in mechanism of NLA in
nanosecond and picosecond regimes, we give NLA coefficient ␤ as a function of input intensities for two different
pulse widths in Figs. 3共a兲 and 3共b兲. With the increasing in
input intensity, the value of ␤ keeps almost the constant of
2.2⫻ 10−9 cm/ W for picosecond pulses 关Fig. 3共b兲兴, while a
clear enhancement of ␤ can be observed from 2.9 to 5.6
⫻ 10−8 cm/ W for nanosecond pulses 关Fig. 3共a兲兴. The change
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FIG. 3. NLA coefficient ␤ as a function of input intensities for nanosecond
and picosecond pulses.

in ␤ with input intensity indicates that beside TPA, the contribution of ESA to NLA behavior of GO is also important in
nanosecond regime.20
From the results mentioned above, GO in the DMF solution exhibits large TPA in picosecond regime and ESA in
nanosecond regime. As the molecules of other carbon allotropic forms, fullerene and CNT have a different NLA process from graphene.9,12 Although the mechanisms of NLA
are different for these three carbon allotropic forms, to compare their optical nonlinearities qualitatively, we performed
open aperture Z-scan measurements of GO, SWCNT in
DMF, and C60 in toluene with same linear transmittance of
70% using picosecond and nanosecond pulses, as shown in
Fig. 4. Since C60 has large singlet and triplet excited states
Normalized Transmittance

1.2
1.0
0.8
0.6

C60
GO
SWNT

0.4 I =6.2x108 W/cm2
0
-20

Normalized Transmittance

Nanosecond pulse

(a)

1.1

-10

0
z (mm)

10

20

Picosecond pulse

(b)

1.0
0.9
C60

0.8
10

2

I0=2.2x10 W/cm

0.7
-20

-10

0
z (mm)

GO
SWNT

10

20

FIG. 4. Open aperture Z-scan curves of GO, SWCNT in DMF, and C60 in
toluene for nanosecond pulses 共a兲 and picosecond pulses 共b兲.

absorption cross sections, it exhibits strong ESA for the two
kinds of pulses. SWCNTs limiting action is strongest in the
nanosecond time scale but is poorest in picosecond regime
because strong nonlinear scattering happens in nanosecond
regime. The 2D system exhibits much richer features of NLO
response than 1D system. Therefore, the additional degrees
of freedom associated with the 2D system may allow a finer
modulation of the NLO response.21
In summary, we studied the NLA of GO in DMF using
picosecond and nanosecond pulses. TPA and ESA were observed in picosecond and nanosecond regimes, respectively,
and large TPA coefficient ␤ was obtained. We compared the
optical nonlinearities of three carbon nanomaterials, 0D
fullerene, 1D CNT, and 2D graphene. Because graphene is
lower cost and has different NLA mechanism from fullerene
and CNT, we expect that graphene may bring a competitive
entry into the realm of NLO materials for optoelectronic
devices.
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