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We experimentally investigated the nonlinear optical response
in few-layered graphene/silver nanowires (G/NWs) hybrid
films that consist of two-dimensional graphene and network of
one-dimensional silver nanowires, and found an enhanced
third-order optical nonlinearity based on the open-aperture
femtosecond Z-scan measurement. The enhancement of the
optical nonlinearity is attributed to interfacial nanowires
network on graphene for large local field enhancement and
exciton–plasmon–photon conversion channel. In addition,
accelerated carrier relaxation times in G/NWs are also

observed by optical pump–probe spectroscopy, in which
nanowires might supply an additional relaxation channel for
graphene. The nanowire-induced defects and the increase of
either electrons or holes induced by charge transfer may also
contribute to the ultrafast dynamics in G/NWs. Our findings
provide a new avenue of modulating the nonlinear optical
response of graphene-related materials, and further suggest
that G/NWs could be developed as nonlinear optical material in
novel tunable laser photonics devices, such as laser mode
locker, Q switcher, etc.
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1 Introduction As the first two-dimensional (2D)
material [1], the optoelectronic, nanophotonic, and plas-
monic properties of graphene have been extensively
studied [2–4]. Electrons in graphene behave as massless
particles, leading to an approximately 2.3% flat linear light
absorption [5], while multilayer absorbs in proportional to
the layer number. Graphene is also an excellent nonlinear
optical material with high third-order nonlinearity suscept-
ibility x(3) (�1.5� 10�7 esu) [6] and ultrafast response
uncovered by Z-scan and pump–probe measurements [7–9].
Zhang et al. had experimentally verified a giant nonlinear
refractive index 1.2� 10�7 cm2/W, nine orders of magni-
tude larger than bulk dielectrics [10]. Due to the valence

band depletion together with covalence band filling, the
broadband saturable absorption (SA) effect in graphene and
other 2D materials has been experimentally used for mode
locking, Q switching, and ultrafast pulse generation in both
fiber and solid-state lasers [11–18].

The properties of graphene can be tuned by chemical or
electrical doping. So, it might be a fundamental question on
whether we can modulate its optical nonlinearity through
functionalization. One way is the graphene/metal hybrid
structures employed in materials science, biotechnology,
and nanotechnology [19]. The doping of metal onto
graphene results in charge transfer and Fermi level shift [20],
in turn, can alter its electronic/optical properties. With
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relatively low loss, high confinement, and good tunability,
graphene can be a promising plasmonic platform for
strong light-matter interaction [21], surface-enhanced
Raman scattering (SERS) [22], tunable absorption [23,
24], photodetector [25], etc. The combination of two vibrant
fields, plasmonics with graphene photonics, has created a
new research, graphene plasmonics [26]. In the graphene/
metal hybrid structures, the small changes in the optical
response of the graphene upon doping can be amplified by
the resonant plasmonic structure and vice versa [27–29].
Also, nonlinear in graphene can be enhanced by negative
dielectric substrate [30] or hybridization with meta-
materials [31].

The nonlinear optical properties of noble metal nano-
particles, including nonlinear scattering (NLS) and non-
linear absorption (NLA), e.g., two-photon absorption (2PA),
free carrier absorption, and excited state absorption, depend
on its size and shape [32–35]. There are also several studys
investigating the nonlinear optical performances of Ag
nanoparticles-decorated graphene, e.g., enhanced SA or
optical limiting [36–38]. Compared to the locally resonant
isotropic nanoparticles, other shapes (e.g., nanorods [39],
nanoprisms [40]) manifest special plasmonic resonance,
which contribute to nonlinear optical properties. Among
which, the high aspect ratio Ag NWs is a promising
candidate with superior performances, possessing almost
negligible optical absorption in near-infrared range compar-
ing to its scattering, which is opposite to the case of smaller
nanoparticles. The Ag NWs are becoming a useful device in
manipulating electrons, photons and surface plasmons
(SPs) [41–48]. Recently, the hybrids of NWs and 2D
materials have also been used for transparent conductive
film [49], optical modulator [50], nanophotonic circuit [51],
etc. The NWs may serve the dual purpose of both enhancing
the near field at the interface [50] and recollecting the
decaying excitons in G/NWs hybrid system [51], which
could also play an important role in bringing the nonlinear
optical response toward the near-infrared region, and open
perspective nanoscale optoelectronic devices combined by
graphene and NW circuits.

In this contribution, the third-order optical nonlinearity
and carrier dynamics in G/NWs hybrid film have been

experimentally investigated. We found that G/NWs show
enhanced SA response by open-aperture (OA) femtosecond
Z-scan measurement. The enhanced SA in G/NWs is
obviously not the linear superposition of SA in pristine
graphene and reverse saturable absorption (RSA) in NWs,
but due to the extremely concentrated high electric field at
the interface, and the exciton–plasmon coupling system
enhanced propagating SPs that couple out as photons at the
ends of NWs. The NWs can operate as a means of
modulating the Fermi level of graphene and can be coupled
to graphene for activating electron transfer. In pump–probe
spectroscopy, we found that the ultrafast dynamics is also
accelerated for the increase of either electrons or holes
through charge transfer, the induced defects, and especially
the additional relaxation channel by incorporating the NWs.
Combining the nanoscale SPs waveguides with the 2D
materials, e.g., graphene, forms a potential new platform for
nanophotonics. These findings also indicate a promise of
optical Kerr effect-based photonic devices and graphene-
based plasmonics.

2 Experimental and results
2.1 Characterization of graphene and G/NWs

A few-layer graphene fabricated using chemical vapor
deposition method on a copper substrate by template
growth [52] was firstly transferred onto a clean glass
substrate (thickness: 0.5mm) [53]. A drop of dilute alcohol
solution of Ag NWs [54] with micrometer-scale lengths
(5–10mm) and nanoscale transverse dimensions (�100 nm)
(see Supporting Information) was then spin-coated upon
graphene surface and dried naturally. Comparing with
suspensions, solid-state films have a more compact structure
for ease of integration in industrially applications. Here, the
quality of graphene is confirmed by Raman spectroscopy
(532 nm pumping), in which the characteristic G
(1,580 cm�1) and 2D (2,693 cm�1) bands can be clearly
observed (black curve in Fig. 1a), with negligible defect-
related peaks D and D0 [55]. The G band corresponds to the
vibration of the sp2-bonded carbon atoms and its location is
insensitive to the number of layers. The appearance of 2D
band which sensitively depends on the stacking order and
the layer number could well confirm the existence of

Figure 1 (a) Raman spectra (532 nm laser
pumping) of graphene (black curve) and
G/NWs (red curve) on glass substrate. The
dark-field scattering (b) and AFM (c) images of
the G/NWs hybrid film.
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multilayered graphene. After the introduction of NWs, for
the same position, the G (1,582 cm�1) and 2D (2,685 cm�1)
bands show small (<10 cm�1) shifts, in addition to the
enhanced intensities (red curve in Fig. 1a), which confirms
the ionization energies of the metals and the charge-transfer
between graphene and NWs [56]. The Ag NWs excited by
light shows enhanced near fields, while the strength of
Raman scattering is highly related to the electric field at
graphene surface [22]. The upshift of G band and downshift
of 2D band here means n-doping of graphene, whereas the
upshifts of both G band and 2D band means p-doping [57].
The enhanced D band (profoundly at 1,344 cm�1) indicates
the NWs-induced magnification of defect feature. An
increase in the peak intensity ratio of the ID/IG value is
attributed to SERS from the SPs of NWs. Also, the defect-
induced D0 band at 1,623 cm�1 emerges as a shoulder peak
ofG band. The above results are consistent with the previous
theoretical prediction that Ag-deposited graphene showed
n-doping, due to the electron transfer driven by the work
function difference [20]. The dark-field scattering image
shows uniformly distributed NWs above the graphene
surface (Fig. 1b), and the AFM image was used to show the
sample distribution and thickness (Fig. 1c).

2.2 Z-scan experimental and results The OA
Z-scan measurement arrangement shown schematically in
Fig. 2a is used to study the NLA properties of NWs,
graphene, and G/NWs on glass substrate under the same
conditions. The measurements were performed by a mode-
locked Ti:sapphire oscillator-seeded regenerative amplifier
(Libras, Coherent), from which a train of optical pulses
(center wavelength: 800 nm, pulse duration: 100 fs, 3-dB
spectral width: 15 nm, and repetition rate: 1 kHz) are
emitted. Low excitation and repetition rate reduce thermal
effect and provide clear study of the nonlinearity up to
higher pulse energies without affecting the sample. The
incident laser beam was focused by an objective lens (focal

length: 500mm), generating a waist measured to be about
30mm by a CCD. By using an optical attenuator, we could
adjust the average optical power to below 10mW, which
corresponded to a peak input fluence of 350mJ/cm2. The
sample was perpendicularly oriented toward the beam axis
and translated along the Z-axis through a linear motorized
stage. Computer-controlled power meters were used to
simultaneously monitor the referenced and output optical
power. To confirm the precision of the experimental setup,
the CS2 solution contained in the cuvette was used for
calibration. A typical valley-like Z-scan trace could be
observed. This allowed the NLA coefficient of CS2 to be
determined as 4.4� 10�11 cm/W, which is in good agree-
ment with the reported 5� 10�11 cm/W [58], demonstrating
the reliability of our Z-scan measurement platform.

The intensity-dependent normalized transmittances
through samples at focus by an objective lens for various
intensity values are shown in Fig. 2b and c. The NWs
exhibits decrease of transmittance and valley-shape curve
that is symmetrical about the focal point, indicating the
occurrence of RSA, which is a typical character of optical
limiting materials. For graphene, the sharp and narrow peak
at the focus point clearly shows the characteristics of typical
SA dominating NLA mechanism, in which the optical
absorbance decreases with the increase of the incident laser
flux and becomes saturated above a certain threshold. When
translated across the focus point, the optical transmittance of
graphene is enhanced after the introduction of NWs, i.e.,
increased SA behavior is observed in G/NWs.

We fitted the experimental Z-scan data of in Fig. 2c with
the SAmodel that includes both the SA and 2PA effects [59]:

aðIÞ ¼ a0

1þ I=Is
þ bI; ð1Þ

where a(I) is the total absorption coefficient, a0 is the linear
absorption coefficient, I is the input intensity, Is is the
saturation intensity defined as the optical intensity required

Figure 2 (a)Schematicdiagramof theOAZ-scan
experimental setup for measuring the NLA of
samples. (b) OA Z-scan curves of NWs for
different input fluences (black: 17.69GW/cm2,
red: 35.38GW/cm2) showingRSA. (c) OA Z-scan
curves of G/NWs for different input fluences
(red: 3.54GW/cm2, green: 14.15GW/cm2, blue:
24.77GW/cm2) showing enhanced SA compared
with graphene (black: 3.54GW/cm2).
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in a steady state to reduce the absorption to half of its
unbleached value, and b is the 2PA coefficient. Normally,
however, we use the normalized transmittance in the Z-scan
measurement:

TðxÞ ¼
�
1� a0L

1þ I=Is
� bIL

�
=ð1� a0LÞ; ð2Þ

where L is the sample length. Otherwise, we can use peak
intensity I0 and the diffraction length of the beam Z0 to
determine the intensity:

IðzÞ ¼ I0
1þ z2=z20

: ð3Þ

Thus, we can use the following modified equation to fit the
Z-scan experimental data:

TðxÞ ¼
1� a0LIs

IsþI0=ð1þz2=z20Þ
� bLI0=ð1þ z2=z20Þ

1� a0L
: ð4Þ

From the fitting curves, we see the SA data fits. The
saturation intensity Is and modulation depth a0L of G/NWs
are about 0.173GW/cm2 and 5.6%, respectively. The 2PA
b coefficient is approximately negligible.

2.3 Pump–probe experimental and results The
ultrafast differential transmission spectra [DT(t)/T] of
graphene and G/NWs are obtained by time-resolved
pump–probe measurement, which is central for exploring
ultrafast carrier dynamics, collective modes and energy
transfer processes. Here, DT(t) is the change in probe
transmission at time t after excitation by the pump, and T is
the probe transmission in the absence of pump beam. The
laser pulse from Ti:sapphire mode-locked laser (central
wavelength: 800 nm, pulse width: 0.1 ps, and spot size:
100mm) goes through a standard pump–probe setup and is
firstly separated by a beam splitter into two laser beams: one
is the strong pump beam, and the other is the weak probe
beam with an intensity ratio larger than 100 (Fig. 3a). We
deliberately adjust the polarization states of the pump and
probe in order to make their polarization orthogonally
polarized. Therefore, a polarization analyzer can be placed

in front of a photodetector to filter out the scattered pump
light into the direction of the probe beam. The pump pulses
are used to generate photoexcited carriers, while weak probe
pulses are used to measure the changes in the transmittance
of the samples at various delays of the probe pulses with
respect to the pump pulses. The normalized transmittance
change at different probe delays is

DT=T ¼ ðT � T0Þ=T0; ð5Þ

where T and T0 are sample transmittances with and without
excitation, respectively. The differential transmittance is
measured by sending the transmitted probe pulse to the
photodetector, which is connected to a lock-in amplifier
referenced to an optical chopper that modulate the intensity
of the pump beam at a frequency of 290Hz.

The transient transmittance traces measured on the
graphene and G/NWs under the pump intensity of 90GW/
cm2 at room temperature are shown in Fig. 3b. The
transmittance increases sharply immediately after photo-
excitation. The delay kinetics can be well fitted with a bi-
exponential delay function:

DT=T ¼ A1e
�t=t1 þ A2e

�t=t2 ; ð6Þ

where the exponentials t1 and t2 are the fast and slow
relaxation times (units: ps), respectively. They are 0.41
(22%) and 1.43 (78%) in graphene, and drop to 0.19 (31%)
and 0.58 (69%) for G/NWs. The diversity of ultrafast
dynamics is possible because of multiple parameters, such
as scattering time, static Fermi level, probe level, and
photoexcited carrier density.

3 Discussion The OA Z-scan valley-shape curve of
NWs in Fig. 2b indicates the RSA or OL characteristics. The
similar performances of Ag NWs have been reported in
various environments, e.g., suspensions [34, 35], silica gel
glass [34], anodic aluminum oxide template [33], inves-
tigated at the incident fluences between about 0.1 and
20GW/cm2. It is not easy to compare these results, due to the
different material parameters (e.g., linear transmittance,
absorption band, particle size, geometry, aggregation state,
host matrix, sample path length) and laser conditions (e.g.,
intensity, wavelength, pulse duration, repetition rate). Three

Figure 3 (a) Schematic diagram of the pump–
probe experimental setup for measuring the time
delays in samples. (b) Transient transmittance
changes of graphene (black triangles) and G/NWs
(red circles), and corresponding bi-exponential
fits.
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mechanisms have been suggested to contribute to the NLA of
metal nanostructures: intra-band, inter-band, and hot-
electron transitions (Fig. 4a). The intra-band transitions,
occurring between (occupied) ground-state and (unoccupied)
excited-state within the s–p covalence bands, are expected to
be size-dependent. The threshold of inter-band transitions
from localized outermost electrons (in d bands) to quasi-free
electrons (in s–p covalence bands) is 4 eV for Ag (4d to 5s).
The Ag NWs show broad continuous optical absorption with
an peak at about 430 nm (2.9 eV) attributed to surface
plasmon resonance in Fig. S1b [33], which is below the inter-
band transition, making it easier to study the nonlinear
optical solely due to plasmonic effects. The greatest NLA is
predictably attainable at the resonance band where the linear
light absorption also reaches its maximum, which is
undesirable for SA application. Here, the linear absorption
is acceptable under non-resonant 800 nm (1.55 eV) incident
light, yet an enhancement manifests NLA. The typical
transmittance of light to the terminal of NW is also much
higher at around 800 nm (Fig. 5a) [48]. In the OA Z-scan
experiments, weak incident intensity will induce the plasmon
oscillation of electrons within the s–p covalence bands. Thus,

most of the ground-state electrons are pumped into the
excited states where they become free carriers, and left
behind many empty states which cannot be filled up by
electrons from d bands due to the weak inter-band transition,
leading to the reduction in electronic population of ground
state (bleaching of ground-state plasmon absorption band),
and the occurrence of SA. While, for relatively high laser
intensities here (e.g., �1GW/cm2), the free carrier
absorption becomes significant and dominant (Fig. 4a). This
results in a decrease in the transmitted light, and RSA
overwhelms SA (Fig. 2b). Also, the photoejection of
electrons induced by 2PA (due to strong absorption
at 400 nm) might also contribute to the RSA. Considering
the energy of 800 nm light is too low for single-
photon excitation, the NLS is also a significant mecha-
nism [33, 34]. The light absorption by photon-induced
ionization and excitation of the metal atoms induce a high
temperature rise, which leads to the formation of rapidly
expanding microplasmas that strongly scatter light [33].
With 800 nm laser, the ionization must be a multiple-photon
process, the light scattering is nonlinear, increasing with light
intensity. In a word, both NLA and NLS might contribute to

Figure 4 (a) Energy diagram for the electron
dynamics in Ag NWs leading to RSA. (b) Energy
diagram, and interface dipole and potential step
formation in G/NWs. The Fermi level EF shifts
due to the charge transfer from NWs to graphene.

Figure 5 (a) Scattering image of a typical Ag
NW. The 800 nm wavelength laser was focused
on the left end of the NW to launch propagating
SPs, and bright spot was detected at the right end
of the NW. (b) Schematic illustration of NWs
network and coupling for local field enhance-
ment, and SPs propagation and photons emission
(not to scale). (c) Simple schematic of the
conversion processes of the studied G/NWs
hybrid system. The exciton–plasmon interaction
mediated propagating SPs finally couple out as
photons emission at the NW ends.
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the OA Z-scan valley-shape curve of NWs. As for graphene,
it shows SA response (black curve in Fig. 2c), which is well
acknowledged due to Pauli blocking processes [11, 12].

As shown in Fig. 4b, when the graphene is doped by Ag,
its Fermi level EF shifts �0.5 eV with respect to the conical
point through charge transfer driven by the different work
function of graphene (WG) and Ag (WM) [20], resulting in
the formation of an interface dipole layer and an associated
potential step DV. The direction of charge transfer depends,
from the graphene to Ag [60], or vice versa [36]. As
demonstrated by Raman spectrum in Fig. 1a, the Ag NWs
lead to the n-doping of graphene, i.e., WM<WGþDV [20],
so electrons are transferred from Ag to graphene. The n-
doping could also be confirmed by the relative low coverage
of noble metal on graphene [61]. The work function of G/
NWs is W, and the effective distance between the charged
sheets is Zd. As most of the charge is located between
graphene and metal, so, Zd< d, where d is the Ag–graphene
separation.

In the OA Z-scan measurements (Fig. 2), we surpris-
ingly found that the G/NWs hybrid system shows enhanced
SA, which obviously could not be explained by the linear
superposition of two individual opposite behaviors men-
tioned above: SA in graphene and RSA in NWs. From the
point of view of electromagnetic field, graphene under the
equally distributed NWs will feel enhanced near-field
intensity almost two or three orders of magnitude (depends
on polarization directions) higher than the incident light [50],
sketched in Fig. 5b. The probable localized plasmon
coupling between the NWs could also contribute to the field
enhancement. Hence, it will result in an enhanced SA in
G/NWs. In addition, the NWs not only strongly confine the
light at the interface but also enhance the electrical
conductivity [50, 51]. Especially, NWs network provide
additional extensive decay channel for the carriers from
inter-band transitions in graphene, which together with the
n-doping, might also be beneficial to the SA, according to
the EF shift and energy diagram in Fig. 4b. Actually, after
the graphene is excited, there are three feasible channels to
decay, i.e., emission as photons, conversion into heat due to
damping, and the generation of SPs in the NW [51, 62, 63].
After the exciton–plasmon conversion, the resulting
propagating SPs finally couple out as photon emission at
the ends of NWs (Fig. 5c) [64], and detected by OA Z-scan
measurement, showing enhanced SA. The exciton–plasmon
interaction-induced optical nonlinear enhancement has also
been demonstrated in metal-semiconductor nanostruc-
tures [65, 66]. These effects in G/NWs above are analogy
to the physical and chemical enhancement mechanisms of
SERS [67, 68].

The effects of Ag NWs on the nonlinear optical
performances of graphene have been further investigated
and verified by the pump–probe measurement in Fig. 3b.
Two successive carrier relaxation times are obtained for
both graphene and G/NWs. In graphene, the carriers
equilibrate among themselves through intra-band carrier-
carrier scattering on a time t1 (0.41 ps) resulting in a hot

carrier distribution; subsequent cooling and decay of the
hot distribution through inter-band carrier-phonon scatter-
ing (and possibly electron-hole recombination) occurs on a
time t2 (1.43 ps) [7]. Similar to the fluorescence lifetime
decreases for coupled quantum dots–metal system due to
the increased resonant energy transfer to be responsible for
the nonradiative decay channel [69], here, the introduced
NWs may also open up another ultrafast relaxation
pathways due to the SPs for excited carriers in graphene,
the time scale of which is likely analogous to the relaxation
channel in pristine graphene [70]. Besides, both the higher
carrier density (either electrons or holes) and the induced
defects in G/NWs demonstrated by the enhanced ID/IG ratio
in Raman spectrum in Fig. 1a might also contribute to
the faster recombination times [7, 8]. Therefore, carrier
scattering, cooling, and recombination are accelerated by
incorporating NWs, with smaller relaxation times t1
(0.19 ps) and t2 (0.58 ps) in G/NWs than that of in
graphene.

4 Conclusions In summary, firstly, the third-order
nonlinear optical properties of few-layered G/NWs have
been studied using open-aperture Z-scan technique at
800 nm. We argued that the enhanced saturable absorption
response is originated from the combined effects of
graphene and homogeneous network of NWs through the
significant increase of the near field at the interface, and
the exciton–plasmon coupling mediated energy transfer to
the SPs propagating and photon emission. By pump–probe
measurement, we also found that ultrafast dynamics is
accelerated after the introduction of NWs, for the
additional carriers relaxation channel for graphene, the
increase of either electrons or holes through induced
charge transfer, and the induced defects. These obtained
results are important not only for understanding the
coupling mechanism between graphene and plasmonic
nanostructures but also for developing graphene-based
plasmonic devices. More importantly, this work offers a
new strategic approach to modulate the nonlinear optical
properties of 2D materials (such as topological insulator
and molybdenum disulfide) and heterostructures beyond
graphene, through mixing with one-dimensional metallic
nanowire, which may boost the development and
applications of 2D materials based nonlinear optics.
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online version of this article at the publisher’s website.
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