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The nonlinear optical response of gold nanoparticles/reduced graphene oxide (AuNPs/rGO) nano-
composites prepared by laser ablation method was studied using a femtosecond laser open-aperture
(OA) Z-scan method, and an enhanced nonlinear absorption effect was observed. Using the femto-
second time-resolved pump-probe measurements, the nonlinear response mechanism in the hybrid was
studied. When graphene was excited by an ultrashort laser pulse, the bleaching of valence band (VB) and
the filling of conduction band (CB) took place, causing a saturable absorption (SA) effect. When decorated
with gold nanoparticles, the excited carriers from the CB of graphene could transfer to the sp band of the
metal before returning to the VB of graphene. This process would take place in a much longer time scale
(~50 ps) than the direct relaxation in pure graphene, causing the enhancement of the SA effect. The
excited carrier dynamics were further demonstrated using femtosecond time-resolved transient ab-
sorption spectroscopy, and the interband relaxation of the excited electrons from the sp band of AuNPs to
the CB of graphene was observed, resulting in the further filling of the CB of graphene and enhancement

of the SA effect.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

As a two-dimensional carbon nanomaterial, graphene has
attracted remarkable research interests in recent years due to its
unique electronic, optical, and mechanical properties [1—3]. As
pure graphene has a zero bandgap and the Fermi level is at the
intersection of V-shaped conduction band (CB) and the valence
band (VB) at the K point of the Brillouin zone, light at any wave-
length can be possibly absorbed in optical applications [4,5].
Because of this special optical property, when graphene is irradi-
ated by an ultrashort laser pulse, the top of the VB will be bleached
and the bottom of the CB will be filled. If the pulse width of irra-
diated laser is shorter than the relaxation lifetime of the carriers, no
more electrons can be further excited resulting in the reduction of
the further absorption, namely, saturable absorption (SA) effect.
Due to its excellent SA property, graphene has been successfully
used as saturable absorber in some mode-locked laser working in
the visible to mid-infrared region [5,6].

Recently, noble metal/graphene oxide (GO) nanocomposites
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have attracted much attention due to their enhanced linear and
nonlinear optical (NLO) properties. The abundant oxygen-
containing groups in graphene oxide (GO) make it possible for
chemical functionalization of the material [7,8]. For example,
strongly enhanced nonlinear absorption and refraction are
observed in graphene oxide (GO) film with gold nanoparticles
(AuNPs), and the enhanced nonlinearity is attributed to the effi-
cient energy and/or charge (electron) transfer upon photoexcitation
and the synergistic coupling effects between AuNPs and GO [9]. The
optical nonlinearity of silver-decorated graphene has been sys-
tematically studied using a Z-scan technique, and the strong SA in
the composite was attributed to the electronic interaction between
graphene and silver NPs [10]. Generally, charge transfer between
graphene and metal NPs is considered to be the main factor in
achieving the enhancement of nonlinearity of the composite.
Although some theoretical models have already been proposed to
explain the mechanism of the enhancement of NLO properties and
the carriers relaxation process between metal NPs and graphene
[9,10], the direct experimental evidence is still lacking.
Femtosecond time-resolved pump-probe and transient ab-
sorption (TA) measurements can provide effective tools to investi-
gate the carrier dynamics of the various materials. Ultrafast optical


mailto:jinhaisi@mail.xjtu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2019.03.054&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2019.03.054
https://doi.org/10.1016/j.carbon.2019.03.054
https://doi.org/10.1016/j.carbon.2019.03.054

Y. Yu et al. / Carbon 148 (2019) 72—79 73

pump-probe spectroscopy has been used to measure carrier
relaxation times in graphene, and two distinct relaxation processes
of nonequilibrium photogenerated carriers were observed: intra-
band electron-electron scattering (~100fs) and slow electron-
phonon scattering (>1ps) [11,12]. Some efforts have also been
devoted to study the photoinduced electron transition and relax-
ation dynamics in nanostructured metals using femtosecond TA
spectroscopy |[13]. Nevertheless, the photoinduced carriers kinetics
in graphene/metal NPs composites, especially the transition pro-
cesses of electrons between graphene and nanostructured metals,
are still ambiguous and further experimental proof are needed.

In this work, we prepared rGO/AuNPs nanocomposites using
laser ablation method. The NLO properties of GO, rGO and AuNPs/
rGO are studied by open aperture (OA) Z-scan technique using a Ti:
sapphire femtosecond laser. The results show that AuNPs/rGO
hybrid exhibit enhanced NLO properties compared with GO and
rGO. By adjusting the laser power, irradiation time and Au* ion
concentration, the optical and nonlinear optical of the products are
well controlled. Femtosecond time-resolved pump-probe tech-
nique is used to investigate the nonlinear response dynamics of the
material, the relaxation time of which was estimated to be 1 ps,
indicating the excited carriers transfer from the CB of graphene to
the sp band of AuNPs. This process was further demonstrated using
femtosecond time-resolved transient absorption (fs-TA) spectros-
copy, and the interband relaxation of the excited electrons from the
sp band of AuNPs to the CB of graphene was observed, resulting in
the further filling of the CB of graphene and enhancement of the SA
effect.

2. Materials and methods

The rGO/AuNPs nanocomposites are prepared using femto-
second laser ablation method [14—18]. 2 mg of GO was dispersed in
10 mL of distilled water using ultrasonic treatment for a few hours
until a homogeneous yellow solution was obtained. To synthesis
the AuNPs/rGO nanocomposites, an appropriate amount of HAuCly
solution (0.025 mmol mL~!) was added into the GO solution. Then,
the 10 mL of solution was put into a beaker for laser processing.
Femtosecond laser pulses, generated by a mode-locked Ti: sapphire
laser (central wavelength: 800 nm, pulse width: 100 fs, repetition
rate: 1kHz), was focused into the solution by a lens with a focal
length of 100 mm. To make the solution to be irradiated homoge-
nously, a magnetic stirrer was used during the laser irradiation
process.

Transmission electron microscopy (TEM) and high resolution
TEM (HRTEM) images were performed using a JEM-2100 Plus mi-
croscope to study the morphology of the nanocomposites. Raman
spectra were performed using a Laser Raman Spectrometer with
excitation wavelength at 633 nm. X-ray photoelectron spectroscopy
(XPS) were performed using an ESCALAB Xi + XPS spectrometer.
UV—Vis absorption spectra were performed using a UV-2600
spectrophotometer in a quartz cuvette.

The NLO properties of the as-prepared products were studied
using an OA Z-scan system. The femtosecond laser was as the same
as mentioned above. The laser pulses are focused into the sample
by a 20 cm lens. All samples were obtained by dropping different
nanomaterial solutions on glass slides and dried at 40°C. The
thickness of the GO and its hybrids films are estimated to be about
100 nm.

Femtoseocnd time-resoved pump-probe and TA measuremetns
were used to study the photoinduced carriers dynamics in the
composits. In the femtoseocnd time-resoved pump-probe experi-
ments, pump pulses centered at 800 nm with energies of 1 uJ were
used to generate photoexcited carriers, while weak probe pulses
with the same wavelenth are used to measure the changes in the

transmittivity of the samples at various delays. The pump and the
probe were focused to a spot size of about 200 um, and the pump
pulse energy intensity was estemited to be about 3.2 mJ cm 2.

In the TA measurements, the output of the laser was split into
two parts: the stronger beam was used as the excitation light, and
the other beam was focused into a 1-mm-thick sapphire plate to
generate the broadband white-light probe pulses from 450 nm to
750 nm. The transmitted probe pulses from the sample were
collected by a fibre-coupled spectrometer connected to a computer.
The TA data were recorded as a function of the delay time between
the pump and probe pulses.

3. Results and discussions

Firstly, AuNPs/rGO composites were synthesized using femto-
second laser ablation in liquids (LAL) method. LAL method could
provide a green one-step synthesis strategy of nanomaterials, such
as carbon nanodots (C-dots) and graphene oxide composites
[14—18]. During the laser irradiation process, when femtosecond
laser irradiates into GO aqueous solution containing appropriate
metal ions, plasma plume and bubbles can be created due to the
high temperature, high pressure induced by the laser pulses. As a
consequence, highly reactive species are produced and reactions
between these species result in NPs formation, as well as the
reduction and doping of GO. We systematically studied the effect of
laser power, irradiation time, and Au>* ion concentration on the
optical property and morphology of the products. Fig. 1(a) shows
the absorption spectra of GO, rGO, and AuNPs/rGO prepared with
different irradiation time. The laser power was fixed at 300 mW,
and the Au>* ion concentration is 1.5 mM. From the figure we can
see that, a characteristic shoulder at 305 nm which is attributed to
the n— m* transitions of C=0 bonds can be observed in GO [19]. As
a comparison, the disappearance of absorption shoulder at 305 nm
and the increase of absorption in the whole visible light ranges of
rGO indicate the reduction of GO and the formation of rGO after
laser irradiation (The color change of GO before and after laser
irradiation are given by inset (i) and (ii) of Fig. 1(b)). When GO
solution mixed with Au>* ions is reduced, the color of the solutions
change to claret (as shown by inset (iii) of Fig. 1(b)), and an obvious
absorption peak near 525 nm is observed due to the surface plas-
mon resonance (SPR) of AuNPs [20,21]. With increasing the irra-
diation time from 10 min to 1 h, the SPR peak of AuNPs is enhanced
indicating that the reduction degree of the Au>* ions is increased. In
addition, the absorption peak of AuNPs shows a slight blue shift
with increasing the irradiation time, which might be due to the
influence of rGO [22]. With prolonging the irradiation time, the
reduction degree of GO increases gradually, which leads to the
enhancement of absorption in the blue-light region and the blue
shift of absorption peak of the composites [17,22—24]. The obvious
absorption peak near 310 nm is attributed to the electron transfer
from Cl atom to Au atom of HAuCly [21]. Because of the exhausting
of the Au>* ions, the peak near 310 nm disappears and the incre-
ment of the SPR peak intensity saturates when the irradiation time
is increased to be more than 1 h. Besides, the influences of laser
power and concentration of Au>* ions were also investigated, and
the absorption spectra results are given in Fig. S1 and S2,
respectively.

To study the morphology change of the AuNPs decorated on the
rGO nanosheet at different experimental conditions, TEM imaging
was explored. Fig. 2(a)-(f) show the TEM images of AuNPs/rGO
composites prepared with different irradiation time. The laser po-
wer was adjusted to 300 mW and the Au>* ions concentration was
fixed at 1.5 mM. The insets in the upper left corner of Fig. 2(a)-(f)
show the corresponding high-resolution TEM (HRTEM) image of
AuNPs. Obvious lattice fringes with the spacing of 0.24 nm and
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Fig. 1. Absorption spectra of the products prepared (a) with different irradiation time (Au ions concentration fixed at 1.5 mM, and laser power fixed at 300 mW). (b) Photographs of
(i) GO, (ii) rGO, and (iii) AuNPs/rGO composites prepared irradiated by 300 mW laser for 30 min with Au>* ions concentration of 1.5 mM. (A colour version of this figure can be

viewed online.)

0.20 nm are observed, which can be attributed to the (111) and
(200) plane of the Au crystallite, respectively [25,26]. The insets in
the upper right corner of Fig. 2(a)-(f) show the corresponding size
distributions of the AuNPs. After 10 min of irradiation (Fig. 2(a)),
AuNPs are obviously produced. The size of the particles is mainly
concentrated in 0.5—3 nm. With increasing the irradiation time to
20 min (Fig. 2(b)), large particles centered at 4.35nm begin to
appear. The formation of the large NPs could be mainly due to two
reasons: firstly, the continuous growth of the small AuNPs after
subsequent laser irradiation; secondly, the formed small AuNPs
might be re-melted and aggregated together forming large NPs
with lower concentration. Fig. 2(c) and (d) show the morphologies
of the sample prepared after 30 min irradiation. Small particles
centered at 2.03nm (Fig. 2(c)) and large particles centered at
17.6 nm (Fig. 2(d)) are observed at different areas of the sample.
When the irradiation time is increased to 1h (Fig. 2(e)) and 2h
(Fig. 2(f)), almost only large particles can be observed and the
particle size has no significant difference anymore. Generally,
AuNPs with high concentration can be quickly formed after a short-
time irradiation; with prolonging the irradiation time, the growth
and melting/aggregation will form AuNPs with larger size and
lower concentration.

XPS and Raman spectra were used to study the chemical
structure of the AuNPs/rGO composites. Fig. 3(a) shows the evo-
lution of the C 1s XPS spectra of the composites prepared with
different irradiation time. Peaks at 284.5, 286.6, and 288.5 eV which
are attributed to C=C, C—0, and C=O0 groups are observed in both
samples [27,28]. It's evident that, the gradual decease of C—O group
with prolonging the irradiation time indicating that the reduction
degree of GO is enhanced. As a comparison, the C 1s XPS spectra of
GO and rGO is shown in Fig. S3 and S4, respectively. The Au 4f XPS
spectra of AuNPs/rGO is shown in Fig. S5. The two peaks centered at
84 and 87.7 eV are corresponding to the binding energies of Au 4f7),
and Au 4fs); of Au, respectively [29].

Fig. 3(b) gives the Raman spectra of GO, rGO, and AuNPs/rGO
samples. Two characteristic peaks near 1330 cm™! corresponding
to the D band which is attributed to disorder or defects in carbon
atoms band, and 1590 cm ™! corresponding to the G band which is
attributed to the sp? in-plane vibration of carbon atoms, can be
observed [30]. Besides, compared to GO and rGO, significant
enhancement of Raman spectrum of AuNPs/rGO can be observed
due to the surface enhancement effect of the AuNPs [30,31].
Furthermore, the surface enhancement effect of the AuNPs is
strengthened with more AuNPs are produced by prolonging the
irradiation time. Because of a lower AuNPs concentration at longer
irradiation time, when the irradiation time increases to 2 h, there

has a drop in the Raman intensity, which may be due to decrease of
the concentration of AuNPs in the area of the exciting laser spot.

To study the nonlinear property of the as prepared AuNPs/rGO
hybrids, an open-aperture Z-scan technique was used. To control
the doping concentration of the AuNPs, the irradiation time varied
from 10 min to 2 h, while the laser power and concentration of Au>*
was fixed at 300 mW and 1.5 mM, respectively. In the experiments,
femtosecond laser centered at 800 nm was focused with a lens of
200 mm focal length with a pulse energy of 50 nJ. All samples were
obtained by dropping different nanomaterial solutions on glass
slides and dried at 40 °C. Fig. 4(a) show the normalized nonlinear
transmittances as functions of the z-position in GO, rGO, and
AuNPs/rGO. Both the rGO and AuNPs/rGO are ablated by femto-
second laser for 30 min. It is clearly seen that, with increasing the
incident light intensity, the transmittances in all samples increased.
As no nonlinear scattering signal was observed in the experiments,
the increase of the transmittance could be attributed to nonlinear
absorption (NLA) effect in the sample. Compared with GO, the SA
property of rGO is enhanced, while those for AuNPs/rGO is further
improved. Fig. 4(b) shows the normalized nonlinear transmittances
as functions of the Z-position in AuNPs/rGO with different irradi-
ation time. When the irradiation time is less than 1h, the SA
property is increased with increasing the irradiation time. While for
2 h, a significant reverse saturable absorption (RSA) signal can be
also observed besides SA behavior.

Usually, the dominant mechanisms of the NLO effects are
attributed to the third-order nonlinear optical effects in Z-scan
experiments, and the nonlinear absorption coefficient «(I) can be
expressed as [10,32,33].

%o
o(l) :erﬁI (1

where «g is the linear absorption coefficient, I is the saturation

intensity, and £ is the RSA coefficient. The differential equation that
the beam propagation in an absorber is

di
a= —a(DI (2)
where [ is the propagation thickness in absorber. Using equations
(1) and (2), the simplified calculation result of transmittance T is

T(2) = exp( - (Hfﬁ n 51(z>) lo) (3)

where [y is the thickness of the film. The waist radius of Gaussian



Y. Yu et al. / Carbon 148 (2019) 72—79 75

Au NPs/rGO 10min
d=1.65nm

Relative Frequence
° o
2 i

o
o
o

1 2
Particle Size (nm

Au NPs/rGO 30min
d=2.03nm

quence
Y

Relative Fre
°

e
o

1 2 3
Prt' le Size (m)

Au NPs/rGO 1h

=l9.lnm

uence
4 e

Relative Fre:

10 15 20 25 30 35 40

Particle Size (nm)

AuNPs/rGO 20min
d1=1.67nm

bl
N

e

d2=4.35nm

Relative Frequence

2 3 4 5 6 7 8 9
Particle Size (nm)

u NPs/rGO 30min
d=17.6nm

Relative Frequence

o
°

0 5 10 15 20 25 30 35 40
Particle Size (nm)

AuNPs/rGO 2h
d=17.7nm

n
quence

0'00 5 10 15 20 25 30 35 40/

Particle Size (nm) v‘

Relative Fre

Fig. 2. TEM images of the AuNPs/rGO composites prepared with irradiation time of (a) 10 min, (b) 20min, (c) 30 min, (d) 30min, (e) 1h, and (f) 2 h. The insets in the upper left
corner show the corresponding HRTEM image of AuNPs. The insets in the upper right corner show the corresponding size distributions of the AuNPs. (A colour version of this figure

can be viewed online.)

beam can be expressed as w?(z) = wg?+/1+22/2y2. While the
input energy in different position is I(z) = I/mw?(z). In our
experiment, the waist radius of the focus wg was measured to be
about 35 um. By fitting the results of the Z-scan results (the line in
Fig. 4(a) and (b)), we can obtain the values of I; and § of samples, as
shown in Table 1. For GO, rGO and AuNPs/rGO with an irradiation
time of 30 min, the AuNPs/rGO has the lowest I value, indicating
the AuNPs/rGO has an enhanced SA property compared with GO
and rGO. Besides, with increasing the irradiation time, the values of
I of AuNPs/rGO composites is decreased, indicating a more excel-
lent SA property. The value of I; in the AuNPs/rGO composites
prepared using 2 h laser ablation was decreased by 1 order than
that of rGO, and a large RSA coefficient as large as 5691 cm GW .

These results are comparable to those in previous reports [10]. It
should be noted that, the Is value for AuNPs/rGO 10 min is slightly
increased (~2%) compared with GO. As the irradiation time is very
short and the materials change very little, the slight change of I
value could be attributed to the experimental errors.

Here, femtosecond laser pump-probe measurement was per-
formed to investigate the mechanism of the enhancement of NLO
properties and the photoinduced carriers dynamics between metal
NPs and graphene, and the results of the AuNPs/rGO 30 min in a
1 mm thick quartz cuvette are given in Fig. 5(a). The pump and
probe laser was centered at 800 nm and the pump pulse energy
intensity was estimated to be about 3.2 m] cm~2. By fitting the re-
sults (the line in Fig. 5(a)), two distinct processes are observed: a
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Table 1
The comparison of Is and $ of GO, rGO, and AuNPs/rGO with different irradiation
time.

Sample Is (GW cm™2) B (cm GW™)
GO 173.26

rGO 30min 87.92

AuNPs/rGO 10min 180.97

AuNPs/rGO 20min 147.12

AuNPs/rGO 30min 60.31

AuNPs/rGO 1h 52.2

AuNPs/rGO 2h 8.56 5691.19

dramatically fast decay process with a lifetimes of 1 ps and a slow
relaxation process with a lifetime of 50 ps? In pure graphene,
electrons in VB are easily excited to CB after intense light irradia-
tion, causing the bleaching of VB and filling of CB. As a result,
further absorption of the incident light is blocked leading to the SA
effect [5,10]. In the previous report, the relaxation of nonequilib-
rium photogenerated carriers has been associated with two distinct
processes: carrier-carrier scattering (70—120 fs) and carrier-
phonon scattering (0.4—1.7 ps range) [34]. The fast decay process
(~1 ps) observed in our experiments accordes well with the carrier-
phonon scattering time scale in rGO, but the slow processes need
further discussion.

When rGO is decorated with AuNPs, electron transfer takes
place from AuNPs to graphene to achieve a common Fermi level
[35]. Fig. 5(b) shows the energy band structure of the nano-
composites schematically. When graphene is excited by a pump
laser (process (1)), the excited carriers in the CB of graphene will
transfer to the sp band of AuNPs (process (2)) due to the consid-
erably larger density of states in the AuNPs. Then these transferred

carriers will return to the VB of graphene (process (3)) slowly. As
has been demonstrated in previous report, the decay of the
nonequilibrium distribution of photoexcited carriers in graphene
through carrier-photon scattering ranges from 0.4 to 1.7 ps [34].
Hence the fast relaxation with 1 ps day time can be attributed to the
lifetime of the excited carriers in the CB of graphene, while the slow
relaxation with 50 ps is in accord with the decay time of the dis-
ctribution of the sp band of AuNPs [10,11,13].

Because the excited carriers in the CB of graphene will transfer
to the sp band of AuNPs before return to the VB of graphene
(processes (2, 3)), leading to a much longer carriers lifetime, the
bleaching effect of graphene will be enhanced, resulting in an
enhanced SA effect compared with pure graphene. When the
femtosecond laser was used to fabricate the AuNPs/rGO hybrids,
more AuNPs could be generated with increasing the irradiation
time (as shown in Fig. 2). As a results, more metal states would be
generated and the SA property would be increased. When the
irradiation time is increased to 2 h, the size of AuNPs is relatively
large. This will induce a strong two-photon absorption (2 PA) of
AuNPs, causing the RSA effect in the hybrids [10,36,37]. The decay
process of the RSA signal in AuNPs/rGO 30 min is also studied using
pump-probe measurement under a pump laser energy of
19.2 mJ cm~2. As shown in Fig. S6, the lifetime of the RSA process is
estimated to be about 4 ps, which is consistent with the electron-
phonon interaction time of pure AuNPs, proving the contribution
of the 2 PA in AuNPs to the RSA effect in the composites [38].

Fs-TA measurement was further performed to verify the energy
band model. Fig. 6 (a) shows the TA spectrum of AuNPs/rGO 30 min
in a 1 mm thick quartz cuvette at a delay time of 3 ps with a pump
power of 2 mW. Two negative absorption peaks centered at 525 nm
and 647 nm and two positive absorption peaks centered at 485 nm
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and near 740 nm can be observed. The positive spectra peaked at
about 485 nm and negative absorption dip at about 525 nm can be
attributed to the transient absorption of the AuNPs. The positive
absorption centered at 485 nm is due to a strong “reduction” in the
optical refection, which is commonly observed in noble metals [13].
The negative absorption peak of 525 nm is related to the SPR ab-
sorption in AuNPs due to the plasmonic oscillations in sp band.
When intense laser irradiates to AuNPs/rGO, carriers in sp band are
able to be excited to higher level (process (4)), causing the
bleaching of low level and filling of high level, resulting in the
reduction of absorption at around 525 nm. The time-resolved TA
spectra are given in Fig. S7. As shown by the figure, the character-
istic absorption peaks/valleys exhibit different temporal behavior.
Fig. 6(b) indicates the TA dynamics measured at 525 nm probe
wavelength, the decay process of which can be well fitted by a
double-exponential function. The fast carriers transition process
(~2ps) is corresponding to the electron-phonon scattering in
AuNPs/rGO, while the slow process (~670 ps) is corresponding to

the interaction between AuNPs/rGO and surrounding solvent
[11,12,39]. This result is consistent with previous reports [13].
Besides the typical TA peak and vallay at 485 and 525 nm in
AuNPs [13], a negative dip at 647 nm and a positive peak at 740 nm
are also observed in the TA spectra. Fig. 6 (c) and (d) show the TA
dynamics of the hybrids at 647 nm and 740 nm, respectively. By
fitting the results (the line in Fig. 6(c) and (d)), we can obtain the
lifetimes of the two peaks, respectively. For 647 nm, two lifetimes of
8 ps and 1.1 ns are observed. We speculate that the featured TA
spectra at 647 nm are attributed to the interaction between AuNPs
and graphene. First, when pump laser irradiates to AuNPs/rGO,
carriers below the Fermi level of graphene are excited to CB (pro-
cess (1)), resulting in the bleaching VB and filling of CB. At the same
time, carriers in the sp band of AuNPs can be excited to higher level
(process (4)) by intraband excitation, then these excieted carriers
transfer from AuNPs to the CB of graphene (process (5)). As a resul,
more carriers will fill in the CB of graphene as shown by the blue
area in Fig. 5(b). When the probe laser incidents into the sample,
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because the CB of the graphene has been further filled, the ab-
sorption of probe laser with higher energy will be reduced,
resulting in a negative absorption. The decay process of 8 psat
647 nm is mainly determined by the nonequilibrium carriers from
the sp band of AuNPs. The slow decay process of 1.1 ns could be
attributed to the interaction between AuNPs/rGO and surrounding
solvent. The induced absorption above 740 nm can be due to a
transient localized surface plasmon resonance (LSPR)-like absorp-
tion of excited carriers in the sp band of AuNPs [13]. To be different
with the intrinsic plasmon, this pasmon resonance is induced by
the interband excitation from d band to sp band of Au by 2 PA of
800 nm pump light. Two lifetimes are 7 ps and 80 ps are obtained
by fitting the TA curve as shown in Fig. 6(d). The fast decay process
is much longer than that of the intrinsic plasmon-bleaching dy-
namic at 525 nm (~2 ps). The prolonged decay process could mainly
be due to the electron-phonon interaction of the interband-
excitation induced holes in the d band and the hot electrons with
the lattices [13].

The size of the AuNPs can also influence the carrier dynamics of
the composites. The TA dynamics at 525 nm of AuNPs/rGO prepared
with different irradiation time are given in Fig. S8, and the corre-
sponding fitted lifetime is shown in Table S1. With increasing the
irradiation, the size of AuNPs is increased, and the liftetime of the
photoinduced bleaching signals at 525 nm is reduced. Because of
the large density of states in larger AuNPs, the excited electrons are
more easily recombined with holes in sp band, and the decay
process of the bleaching signal becomes fast. Benefiting from the
large states density in the AuNPs, the excited carriers in the CB of
graphene are more likely to transfer to the AuNPs through process
(2) shown in Fig. 5(b), causing the enhancement of the SA effect.

To further verify our predictions, TA spectra as a function of the
pump power are measured. As shown in Fig. 7(a), a clear peak shift
from 725 nm to 585 nm can be observed with the pump laser po-
wer varying from 0.5 mW to 4 mW. Fig. 7(b) shows the curve of
negative absorption peak varies with the pump laser power. With
increasing the pump laser power, the excited carriers in sp band of
AuNPs (process (4)) will be increased. Then, more carriers will
transfer from AuNPs to the CB of graphene (process (5)) and the
highest energy level in CB will be raised, as the blue area shown in
Fig. 5(b). As a result, the absorption edge of the excited graphene is
blue shifted. This results are corresponding to the proposed energy
band model.

4. Conclusion

In summary, the AuNPs/rGO nanocomposites was successfully
synthesized using LAL method by ablating the mixed aqueous so-
lutions of HAuCly and GO using femtosecond laser pulses. The

significant enhancement of NLO response of nanocomposites was
demonstrated using Z-scan method by femtosecond laser. The
carriers dynamics was clarified using a femtosecond laser pump-
probe technique and a TA measurements, respictively. The results
show that the enhancement of NLO properties of graphene is due to
a long lifetime process which is attributed to the intersystem
transition from the CB of graphene to the sp band of AuNPs. Besides,
a shifted negative absorption peak varying with the pump laser
power which is due to intersystem transition from the sp band of
AuNPs to the CB of graphene was observed.
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