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Abstract: Nonlinear scattering, originating from laser induced solvent 
micro-bubbles and/or micro-plasmas, is regarded as the principal 
mechanism for nonlinear optical (NLO) response of graphene dispersions at 
ns timescale. In this work, we report the significant enhancement of NLO 
response of graphene dispersions by decreasing the atmospheric pressure, 
which has strong influence on the formation and growth of micro-bubbles 
and/or micro-plasmas. A modified open-aperture Z-scan apparatus in 
combination with a vacuum system was used to study the effect of vacuum 
pressure on the NLO property of graphene dispersions prepared by liquid-
phase exfoliation technique. We show that the atmospheric pressure can be 
utilized to control and tune the nonlinear responses of the graphene 
dispersions for ns laser pulses at both 532 nm and 1064 nm. The lower the 
vacuum pressure was, the larger the NLO response was. In contrast, the 
NLO property of fullerene was found to be independent of the pressure 
change, due to its nature of nonlinear absorption. This work affords a 
simple method to distinguish the nonlinear scattering and absorption 
mechanisms for NLO nanomaterials. 

©2013 Optical Society of America 
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1. Introduction 

Graphene has recently attracted enormous attention as a promising candidate material for 
photonic and optoelectronic devices owing to its unique properties, such as, high carrier 
mobility, strict optical transparency of single layer, high thermal conductivity, high chemical 
stability, ultrafast carrier dynamics, etc [1–11]. In addition, the advantage of tailoring 
properties by attaching functional materials, e.g., polymers, organic molecules and metal 
nanoparticles, forming versatile graphene composites [12–15], makes graphene play an 
increasing important role in photonic applications. In our previous works, we reported the 
NLO properties of a range of functionalized graphene and carbon nanotube composites and 
developed a series of techniques to improve the NLO response and optical limiting 
performance of carbon nanostructures [11, 15]. It was found that modifying solvent and 
increasing temperature can enhance the NLO responses of graphene and carbon nanotube 
dispersions, in which nonlinear scattering (NLS), originating from laser induced solvent 
micro-bubbles and/or micro-plasmas, dominates the nonlinear responses [16, 17]. In this 
work, we investigated the NLO property of liquid-phase exfoliated graphene dispersions, and 
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provide a simple method to control the nonlinear responses by tuning the vacuum pressure, by 
which one can affect effectively the size of the scattering centers, i.e., the induced micro-
bubbles and micro-plasmas. 

2. Experiments 

According to the previous experimental and theoretical analyses, the surface energies of N-
methyl-2-pyrrolidone (NMP), N,N-dimethyl-formamide (DMF) and sodium cholate (SC) 
match very well with that of graphite (70 ~80 mJ/m

2
), resulting in effective exfoliation to 

graphene with single or few layers [18, 19]. In this work, high quality graphene dispersions in 
NMP, DMF and SC were employed for NLO study. The preparation procedure is similar to 
our previous works [11, 18]. Initial graphite dispersions of 5.0 mg/mL were sonicated for 24 h 
using a low-power ultrasonic bath (200 W), followed by 24 h standing at room temperature. 
All these dispersions were subsequently centrifuged at 1500 rpm for 90 min to separate any 
large aggregates. High quality graphene dispersions were obtained by collecting the top 1/3 
part of the centrifuged samples. The dispersions were stable against sedimentation over 
several weeks. For comparison, fullerene solutions in toluene were prepared by sonicating for 
15 min using low-power ultrasonic bath. According to our previous work [11], the size of the 
graphene nano-flakes is ~0.5-2 μm and the number fraction of monolayer graphene (number 
of monolayers/total number of flakes) in each dispersion is close to 30%. 

A modified open-aperture Z-scan apparatus, illustrated in Fig. 1, was used to investigate 
the NLO property of the graphene dispersions under different vacuum pressures. The optical 
arrangement was similar to that used in our previous works of testing nonlinear responses of 
nanotube dispersions [20, 21]. A vacuum system was introduced into the Z-scan setup to tune 
the pressure in the vacuum chamber where the dispersion samples were placed. The total 
transmittance through the samples as a function of incident power density was measured 
while the samples were gradually moved through the focus of a lens along the z-axis. All 
experiments were performed by using 6 ns pulses from a Q-switched Nd:YAG laser at 1064 
nm and its second harmonic of 532 nm with the repetition rate of 2 Hz. The laser beam was 
tightly focused through a lens with the focal length of 15 cm. All dispersions were tested in 
10 × 10 mm quartz cuvettes at a linear transmittance of ~50%. The beam waist radii of the 
focus at 532 nm and 1064 nm were estimated to be ~33 μm and ~61 μm, respectively. 

 

Fig. 1. Schematic of the modified open-aperture Z-scan. 

3. Results and discussion 

Figures 2(a)-2(b) show the open aperture Z-scan results for the graphene dispersions in NMP 
at different vacuum pressures. It was observed that the normalized transmission reduced 
significantly with the decrease of the vacuum pressure for both 532 and 1064 nm pulses. The 
lower the pressure was, the higher the NLO response was. As shown in Fig. 2, all open-
aperture Z-scans performed in this study exhibited a reduction in the transmission about the 
focus of the lens, implying an effective optical limiting property of the graphene dispersions. 
Optical limiting is an important NLO phenomenon, which can be utilized to protect delicate 
optical instruments, especially the human eyes, from intense laser beams [22]. Ideally, an 
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optical limiter should strongly attenuate intense, potentially dangerous laser beams, while 
exhibiting high transmittance for low intensity ambient light. 

Figure 1(c) shows the Z-scan results for fullerene solutions at different vacuum pressures. 
In contrast to the graphene dispersions, which exhibit remarkable vacuum dependence effect, 
the fullerene solutions show NLO response independent of the variation of pressure. For the 
graphene dispersions, the NLO response is attributed to thermally induced NLS, and the size 
of the scattering centers, i.e., micro-bubbles and micro-plasmas, varies with the pressure 
changing. On the contrary, for fullerene, the NLO response is originated from reverse 
saturable absorption (RSA), which is independent of vacuum [22]. It should be pointed out 
that this apparatus can be used to distinguish different NLO mechanisms (viz., nonlinear 
scattering and nonlinear absorption) by changing pressure, hence control the NLS in the 
hybrid nanocomposites, such as phthalocyanine functionalized carbon nanostructures [23, 
24]. 

 

Fig. 2. Typical open-aperture Z-scan data with normalized transmission as a function of the 
sample position Z for the graphene dispersions in NMP at (a) 532 nm and (b) 1064 nm, and (c) 
fullerene solutions at 532 nm under different pressures. 

Z-scan measurements for the SC and DMF dispersions were also carried out at 532 nm. 
As shown in Fig. 3, similar to the NMP dispersions, the normalized transmission of both SC 
and DMF dispersions reduces gradually with the vacuum pressure decreased. These results 
indicate that NLS dominates the NLO responses of graphene in all the solvents used in this 
work. We expect the vacuum pressure controlling technique fits not only the graphene 
dispersions but also other NLS dominated nonlinear nanomaterials [12]. 

#189264 - $15.00 USD Received 22 Apr 2013; revised 22 Jun 2013; accepted 24 Jun 2013; published 2 Jul 2013
(C) 2013 OSA 15 July 2013 | Vol. 21,  No. 14 | DOI:10.1364/OE.21.016486 | OPTICS EXPRESS  16489



 

Fig. 3. Typical open-aperture Z-scans for the DMF dispersions (a) and SC dispersions (b) at 
different atmospheric pressures. 

Thermally induced NLS is one common and principal factor for the NLO and optical 
limiting responses of a range of nanomaterials, such as metal nanoparticles [12, 25], 
nanowires [26], quantum dots [27], etc. Based on the Mie scattering theory, the effective 
scattering occurs when the scattering centers, which can be formed by the generation of 
solvent bubbles and/or the ionization of nanoparticles, reach comparable size to the 
wavelength of the incident laser beam. In other words, the scattering efficiency is largely 
dependent on the scattering cross section, hence the size of scattering centers. It has been 
demonstrated that the size of the scattering centers is determined by a number of factors, such 
as pulse energy, pulse duration, temperature, and thermo-dynamical/cohesive properties of 
solvents, etc [12, 15–17, 20, 28]. Here, we show that the size of the scattering centers can also 
be influenced by the atmospheric pressure. In the assumption of equilibrium condition, the 

relationship between the bubble size 
Br  and the atmospheric pressure p

 can be estimated 

through the equation [11] 

 
2

3
2γ

4π
B

B

nRT
p r

r
   (1) 

where γ is the surface tension, n is the number of moles of gas, R is the universal gas constant, 
and T is the absolute temperature in the bubbles. In general, the lower the atmospheric 

pressure p
 is, the more quickly the initial micro-bubbles would expand due to the larger 

pressure difference at the vapor-solution interface, resulting in efficient scattering to the 
incident beam, and hence more reduction of transmission. Thus, it is reasonable that the 
nonlinear response of the graphene dispersions can be adjusted by tuning the atmospheric 
pressure. On the other hand, the RSA induced optical limiting of fullerene is mainly 
determined by the ability of absorbing photons at 532 nm via its singlet and triplet excited 
states, thus the pressure would not take effect. This explains why the vacuum pressure can 
greatly influence the optical limiting performance of the graphene dispersions but have no 
effect to the fullerene solutions. 

In order to have a further understanding on the effect of vacuum pressure, we investigated 
the nonlinear responses of the graphene dispersions at different input energy densities and 
solvents at a vacuum pressure of ~0.004 MPa. Figure 4(a) manifests the nonlinear response of 
the NMP dispersions at a series of incident energies. It is evident that for the NMP 
dispersions, the NLO responses are dramatically improved by increasing the incident energy. 
Figure 4(b) depicts the comparison of Z-scan curves for the NMP, DMF and SC dispersions. 
It is clear that the optical limiting performance of the DMF dispersions outperforms those of 
NMP and SC dispersions. The SC dispersions exhibit an inferior optical limiting effect in 
comparison with the DMF and NMP dispersions. These results are in accordance with our 
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previous conclusion that a smaller solvent surface tension results in a higher scattering 
efficiency and optical limiting ability [11, 20]. 

 

Fig. 4. Typical open-aperture Z-scan at different incident pulse energies (a) and for the three 
different dispersions (b). 

The nonlinear extinction coefficient βeff can be estimated by fitting the Z-scan results [21, 
22, 28]. Figure 5(a) shows the vacuum pressure dependent nonlinear extinction coefficient in 
different dispersions at 532 nm. It is clearly seen that βeff increases gradually with the vacuum 
pressure decreasing. Furthermore, the DMF dispersions exhibited larger βeff value than the 
others at the same pressure, and the smallest βeff was observed for the SC dispersions. For 
example, βeff is 2.89 ± 0.15, 2.6 ± 0.13 and 2.05 ± 0.10 cm/GW for the DMF, NMP and SC 
dispersions at the pressure of 0.004 MPa, respectively. The errors in Fig. 5 were calculated 
from the multiple Z-scan measurements at the same atmospheric pressure. Compared with 
graphene, βeff for fullerene keeps constant at different vacuum pressures, which is in 
agreement with the Z-scan results in Fig. 2(c). In addition, we investigated the variation of βeff 
of the NMP dispersions under different pressures at 532 and 1064 nm. As shown in Fig. 5(b), 
βeff increases with the decrease of vacuum pressure in both wavelengths, implying that the 
vacuum pressure has an effect on the optical limiting properties of the graphene dispersions 
over a broad wavelength range from the visible to the near infrared. 

 

Fig. 5. The nonlinear extinction coefficient as a function of atmospheric pressure (a) for the 
graphene dispersions prepared in DMF (blue), NMP (green), SC (red) dispersions and C60 
(brown) in toluene at 532 nm, and (b) the NMP dispersions for 532 nm and 1064 nm. 

Following the Beer-Lambert law, we can express the linear transmission of the graphene 
dispersions in the form of 
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0 0exp(- )T NL  (2) 

where δ0 is the linear extinction cross section. Since the decrease of the transmission is 
originated mainly from Mie scattering, the decreased transmission can also be written in the 
Beer–Lambert form of 

 exp(- )NL NLT NL  (3) 

where δNL is the nonlinear extinction cross section. Merging Eqs. (2) and (3) gives the ratio of 
the linear and nonlinear extinction cross sections 

 
0 0/ ln / lnNL NLT T    (4) 

where we assume the number density of graphene nano-flakes N keeps constant in both the 
linear and the nonlinear regions. Figure 6(a) shows the normalized transmission and δNL/δ0 as 
functions of incident intensity for a graphene dispersion with the transmission of 51%. Under 
the irradiation at 532 nm, the extinction cross section at 0.5 GW/cm

2
 is ~2 times larger than 

the linear cross section at <0.02 GW/cm
2
. For pulses at 1064 nm at 6 GW/cm

2
, δNL/δ0 at 0.1 

MPa is ~1.6, which is improved to ~2.5 at 0.004 MPa. According to the theoretical simulation 
[29], the scattering cross section increases significantly with the increasing size of micro-
bubbles, meanwhile the absorption cross section decreases until it is negligible when the 
bubbles grow, effectively limiting the incident power. Therefore, we consider the micro-
bubbles as non-absorbing dielectric spheres and the corresponding scattering cross section 
can be expressed by Mie theory as [30] 

 
2

2 2

2
1

2
(2 1)( )l l

l

r
l a b

q








    (5) 

where al and bl are the coefficients defined with Bessel function and its differentiation, l is an 
integer, q is the corresponding size parameter, r is the radius of the micro-scatters. 
Substituting Eq. (5) into Eq. (3) allows one to estimate TNL as a function of the radius of 
micro-bubbles. The simulation results are depicted in Fig. 6(b) by assuming different 
densities of graphene nano-flakes in dispersions. As the increasing of the graphene number 
density, the bubble sizes required to extinct effectively the laser beam become smaller. 

 

Fig. 6. (a) Normalized transmission (closed) and δNL/δ0 (open) as functions of incident 
intensity for the graphene dispersions with the transmission of 51%. (b) Normalized 
transmission as a function of the radius of micro-bubbles. 
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4. Summary 

In summary, we have successfully demonstrated by a modified Z-scan method that the 
vacuum pressure has controllable effect on the broadband NLO as well as optical limiting 
response for the graphene dispersions. Our results further confirm that the origin of optical 
limiting of the graphene dispersions is the solvent and/or carbon vapor bubble induced NLS, 
which can be tuned by the vacuum pressure. The nonlinear extinction coefficients of the 
graphene dispersions increased gradually with the reduction of the pressure for ns pulses at 
both 532 nm and 1064 nm. At the same linear transmission, the DMF dispersions showed a 
larger nonlinear extinction and superior optical limiting effects in comparison with the NMP 
and SC dispersions under the same vacuum pressure. 
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