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Abstract: Reduced graphene oxide (rGO) decorated with silver nanoparticles (Ag NPs) is
synthesized by femtosecond laser ablation in solution method. The nonlinear optical
properties of both rGO and Ag NPs/rGO are measured using a femtosecond laser Z-scan
technique. The results reveal that both the nonlinear absorption and nonlinear refraction in
the hybrid are enhanced due to the interaction of the energy state of Ag NPs. The composite
shows a saturation intensity 18.5 MW/cm2 and boosts the nonlinear refraction as large as
2~3 times of that of rGO reaching to —1.1 x 107> m*/W. The enhancement of the saturable
absorption might be caused by the further bleaching the valence band of rGO due to the
transfer of the light excited carriers from graphene to the metal state of the NPs. The slow
relaxation of the excited carriers to the ground state of rGO will also cause the increase of the
carrier density and thereby result in the enhancement of the nonlinear refractive index of the
material.
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1. Introduction

Materials with large third-order optical nonlinearity and ultrafast nonlinear optical (NLO)
response are of great importance for photonic applications such as optical shutter, optical
limiting, information processing, and so on [1-3]. As a star material, graphene has raised
more and more significant concern for its excellent optical properties. As the interband
optical transitions in graphene are independent of incident light wavelength over a wide
range, it has exhibited unique NLO properties such as nonlinear absorption and nonlinear
refraction effects [4]. The abundant oxygen-containing groups in graphene oxide (GO)
enables its easy functionalization with various functional materials such as organic molecules
and inorganic nanomaterials [5-8]. The synergistic effects of GO and the functionalizing
materials improve their NLO performances significantly. Although some researchers have
demonstrated the enhanced NLO properties of functionalized GO materials using nanosecond
and picosecond pulses [9, 10], the NLO response of reduced graphene oxide (rGO) decorated
with noble metal NPs in femtosecond regime is still unclear and need further investigations.

Femtosecond laser ablation in solution (FLAS) method can provide a green synthesis
strategy of metal/graphene nanocomposites. Due to its ultra-short pulse duration and ultra-
high peak power, femtosecond laser pulses have been used in micro-fabrication and ultrafast
measurements areas [11-13]. When femtosecond laser irradiates GO aqueous solution
containing metal ions, plasma plumes are produced and reactions between these species
result in NPs formation, as well as the reduction and doping of GO [14, 15]. The FLAS
synthetized metal NPs with nanometer sizes are naturally and uniformly doped on the rGO
sheets without any further treatment. Compared with the conventional chemical
functionalization methods, FLAS is more time-saving, easily operated, and avoids the usage
of harmful chemical reagents.

In this paper, silver NPs and rGO (Ag NPs/rGO) nanocomposites are synthesized using
FLAS method. The as prepared Ag NPs/rGO hybrids are characterized by absorption spectra,
TEM images, and XPS spectra. Femtosecond laser Z-scan measurements are performed to
study the ultrafast NLO response of the materials. The results reveal both nonlinear
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absorption and nonlinear refraction can be effectively enhanced by the hybridization of Ag
NPs. The Ag NPs/rGO shows lower saturation intensity (18.5 MW/cm?) and boosts the
nonlinear refraction as large as 2~3 times of that of rGO reaching to —1.1 x 1072 m*/W,
which are attributed to the interaction of the state of metal. When rGO decorated with AgNPs
and excited by the laser pulse, excited carriers probably transfer to the metal and then relax to
the ground state of rGO. The relative slow relaxation of the excited carriers from the metal
states to the VB of rGO will cause the increase of the carrier density in the excited states,
resulting in enhancements of the saturable absorption and nonlinear refraction.

2. Experimental setup

GO used in our experiments was obtained from Nanjing XFNano Materials Tech Co., Ltd.,
(Nanjing, China). The synthetic procedures of Ag NPs/rGO were as following: First, 2 mg
GO was dispersed in 10 ml of distilled water by ultrasonicate for 1 hour until a uniform
yellow 0.2 mg/ml rGO solution was obtained. Next, 0.01 mmol AgNO; was added into the
solution and ultrasonicated again. During the reduction process, a Ti: sapphire amplifier
system emitting 80 fs laser pulses centered at 800 nm at a repetition of 1 kHz was used. The
laser beam was focused into the mixture suspension by a 100 mm lens for 30 min. The laser
power was fixed at 100 mW. During the laser reduction process, a magnetic stirrer was used
to make the solution to be irradiated homogenously. The samples (GO, rGO and Ag
NPs/tGO) were deposited on | mm thick glass substrate and dried at room temperature.

Morphological properties of the produced Ag NPs/rGO material were studied by
transmission electron microscopy (TEM) and high resolution TEM (HRTEM) using a JEM-
ARM200F microscope. Elemental composition analysis was carried out by X-ray
photoelectron spectroscopy (XPS) using an AXIS ULtrabld XPS spectrometer. UV-Vis
absorption spectra were obtained using a UV-2600 spectrophotometer.

Femtosecond Z-scan measurements were employed to study the NLO response of the
produced materials. Femtosecond pulses emitted from the same amplifier system mentioned
above were used as the laser source in the experiments. The Z-scan setup was similar as
descripted in some previous reports [16]. Laser pulses were focused using an f = 300 mm
lens and the sample was mounted on a translation stage that moved along the z-axis with
respect to the focus of the lens. As the sample was moved closer to focus for a distance far
away, the laser irradiance increased, leading to self-focusing (or self-defocusing) in the
sample. As a result, the laser power transmitting through the adjustable aperture in front of
the power meter varied as a function of the Z-position. This arrangement allowed us to
perform the open-aperture (OA) Z-scan and closed aperture (CA) Z-scan measurements,
which was used to determine the nonlinear absorption and nonlinear refraction effect in the
sample, respectively.

3. Results and discussion

Firstly, the characterizations of the as-prepared Ag NPs/rGO composites were carried out by
UV-Vis spectroscopy, TEM and XPS analysis. Figure 1(a) shows the UV-Vis absorption
spectra of the rGO, Ag NPs/rGO and the reference sample of GO. The characteristic shoulder
of GO absorption spectra at 305 nm is attributed to the n—n* transitions of C = O bonds
[17]. After laser irradiation, the absorption shoulder at 305 nm of rGO disappears and the
absorption in the whole visible light range increases, indicating the reduction of GO. The
absorption spectra of Ag NPs/rGO shows the similar profile as that of the rGO and a strong
absorption band at around 410 nm, which can be attributed to the localized surface plasmon
resonance of Ag NPs [18].

Figure 1 (b) shows the typical TEM image of Ag NPs/rGO hybrid. The as-prepared Ag
NPs (as shown by the black dots) are well dispersed on the rGO nanosheets. Figure 1 (c)
indicates the size distribution of Ag NPs, which is in a range of 3-22 nm. As shown in Fig. 1
(d), the HRTEM image of Ag NPs exhibits obvious crystal lattice fringe with the spacing of
0.23 nm, which is nearly the same as that of (111) plane of the Ag crystallite.
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XPS spectra of GO and Ag NPs/rGO are depicted in Fig. 2(a) and (b) respectively. The
C-C binding energy is assigned at 284.8 eV. Chemical shifts of + 1.4, + 3.0 eV are assigned
for C-O and C = O groups [19]. In both samples, XPS spectra are well fitted with sub-peaks
corresponding to functional groups. The percentage area of each sub-peak for GO and Ag
NPs/rGO are obtained. The percentage of C = C, C-O and C = O for the GO are calculated to
be 48.49%, 40.24% and 11.26%, while those for the Ag NPs/rGO are 62.94%, 26.25%and
7.08%. These results suggest significant removal of oxygen functional groups after laser
reduction process. Compared with the XPS results of rGO prepared using some other
methods [19-21], the products prepared using laser ablation method show a comparable
reduction degree.
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Fig. 1. (a) UV-Vis absorption spectra of the GO, rGO and Ag NPs/rGO. (b) TEM images of
Ag NPs/rGO. (c) The size distribution of Ag NPs. and (b) HRTEM images of Ag NPs.
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Fig. 2. XPS spectra of (a) GO and (b) Ag NPs/rGO.

Nonlinear absorption of GO and Ag NPs/rGO were characterized using an OA Z-scan
measurement. The radius of laser spot was estimated to be about 25 pm and the highest
corresponding peak intensity was about 45 MW/cm”. The black squares and red circles in
Fig. 3(a) show the OA Z-scan measurement results of rGO and Ag NPs/rGO, respectively.
According to the nonlinear optical theory, the OA Z-scan curves in both samples are fitted
using the formula [22]:

T= ! +°°1n[1+Mex (—*)dt (1)
Jz BL,L, [(+2)2) = vz "

where, T, Iy and Zp stand for the normalized transmittance, the peak light intensity at the
focus and the Rayleigh length of the beam, respectively. L.; and f represent the effective
length of the sample and the nonlinear absorption coefficient of the sample. From the figure
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we can see that, both the normalized transmittances are increased as the samples move
forwards to the beam focus (z = 0), exhibiting an obvious SA behavior. Besides, the Ag
NPs/tGO exhibits an enhanced SA behavior compared to that of rGO. To confirm the
enhancement of optical nonlinearities of rGO functionalized with Ag NPs, we measured the
nonlinear transmission measurement of rGO and Ag NPs/rGO as functions of the light
intensity. The results are plotted in Fig. 3(b) and fitted theoretically using the following
equations:

T,=1-aq, )

T, = 1—0(0/(]+]/1S) 3)

Where T} is the linear transmittance, 7y, is the nonlinear transmittance, [ is the light peak
intensity, /s is the saturation intensity and o, is the linear absorption coefficient. In the fitting
process the linear optical losses caused by reflection and scattering of the sample are
considered. Based on the fitted results, the saturation intensity /g of rGO and Ag NPs/rGO
can be obtained, which are evaluated to be 25.1 MW/cm? and 18.5 MW/cm?, respectively.

Here, we give a brief interpretation for the enhanced SA effect in Ag NPs/rGO
composites. Firstly, the effect of local field enhancements could be ruled out. By comparing
the SA effects for two samples given in Fig. 3(b) we can find that, the modulation depth of
rGO is still much lower than that of Ag NPs/rGO even when the incident laser intensity is
much higher. This indicates that the enhancement of the laser field cannot cause such a huge
increase of the SA effect in the hybrid. The improvement of the SA of the hybrid could be
attributed to the charge transfer between Ag NPs and rGO. Because rGO has a zero bandgap,
large transient populations of carriers in the conduction band (CB) and valence band (VB)
are created when the laser irradiates on the material. As the pulse duration is comparable with
the interband relaxation time of the carriers, when intense laser pulse irradiates more
electron-hole pairs are generated and cause the states filling of CB and the bleaching of the
VB. This will block the further absorption, resulting in the SA behavior [9, 23]. When rGO is
decorated with Ag NPs, the metal states are flat and extend into that of rGO [24]. Owing to
the considerably larger density of states in the metal, the excited electrons in the CB of rGO
has higher probability of transferring to the metal than to the VB of rGO. Since the carriers
are excited faster than their relaxation from the metal states to the VB of rGO, the bleaching
of the ground state takes place, resulting in a stronger SA effect [9, 25]. It should be noted
that, when the input pulse intensity is increased to several GW/cm’, reversed saturable
absorption (RSA) was observed, which could be attributed to two-photon absorption effect
[26].
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Fig. 3. (a) OA Z-scan measurement results of rGO and Ag NPs/rGO when the laser power
was fixed at 72 MW/cm’. (b) Normalized transmission as a function of input laser intensity
for rGO and Ag NPs/rGO.

Closed aperture (CA) Z-scan measurements in rGO and Ag NPs/rGO are performed to
verify the enhancement of nonlinear refraction effect of rGO functionalized with Ag NPs. In
order to provide a reliable comparison, both rGO and Ag NPs/rGO are tested in the same
experimental conditions. A typical peak-valley Z-scan trace resulting from the division of the
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CA Z-san data by the OA Z-san data for rGO and Ag NPs/rGO is depicted in Fig. 4. The
measurement results are fitted theoretically using the formula from [16]:

dxAD

Tx)y=l+—F——
(1+x°)(9+x")

4)

where x = z/z is the normalized position to the Rayleigh length z; and 4D = (2z/4)n,LI,
with L and [, being the sample thickness and peak-on-axis intensity, which are estimated to
be about of about 100 nm of 0.17 GW/cm?, respectively. In our experiments, no obvious
peak-valley was observed in the Z-scan trace of bare glass substrate, the response of glass
substrate is negligible under the same experiment conditions. Both the divided Z-scan traces
in tGO and Ag NPs/rGO recorded exhibit a pre-focal peak followed by a post-focal valley
indicating the nonlinearity of the samples to be negative (negative nonlinear refraction). In
our measurements, the peak-on-axis intensity was 0.17 GW/cm®, the estimated value of the
nonlinear refractive index n, of rGO is —4.9 x 107 m?W. The Ag NPs/rGO boosts the
nonlinear refractive index as large as 2~3 times of that of rGO reaching to —1.1 x 107"
m’/W. It’s believed that the nonlinear refraction of rGO is mainly attributed to the population
redistribution of 7 electrons and the free carriers of the sp” domain [27]. As discussed above,
when decorated with AgNPs and excited by the laser pulse, carriers are possible to transfer to
the NPs metal states. The relative slow relaxation of the excited carriers from the metal states
to the VB of rGO will cause the increase of the carrier density in the excited states [9, 23].
This might cause the enhancement of the nonlinear refractive index of the material.
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Fig. 4. Z-scan trace of rGO and Ag NPs/rGO resulting from the division of the CA data by the
OA data. The theoretical fittings are indicated as solid lines.

4. Conclusions

In summary, we synthesized the reduced rGO decorated with Ag NPs by femtosecond laser
ablation method. The nonlinear optical properties of both rGO and Ag NPs/rGO have been
measured by Z-scan measurement. The results reveal both nonlinear absorption and nonlinear
refraction can be effectively enhanced by the hybridization of Ag NPs. The results of power-
dependent transmission indicate that the hybrid can provide saturable absorbers with higher
modulation depth compared to that of rGO. The improvement of the SA of the hybrid is
attributed to the charge transfer between Ag NPs and rGO. This also might cause the
enhancement of the nonlinear refractive index of the material. The Ag NPs/rGO boosts the
nonlinear refractive index as large as 2~3 times of that of the reference rGO reaching to —1.1
x 107" m*/W at 800 nm femtosecond laser with 80 fs pulse duration.
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