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A B S T R A C T

In this report, we present results from the investigation of femtosecond (fs) nonlinear optical (NLO) behaviour of
silver nanowires (Ag NWs) films. High quality Ag NWs (10 μm length, diameter 50 nm in isopropyl alcohol) were
utilzied for the NLO studies employing the standard Z-scan technique in both open and closed aperture con-
figurations at wavelengths of 700 nm, 750 nm, 800 nm, 850 nm, 900 nm, and the corresponding NLO coefficients
were estimated from theoretical fits to the experimental data. Nonlinear absorption in the Ag NWs at 800 nm
demonstrated a pure reverse saturable absorption (RSA) with a strong two-photon absorption (TPA) coefficient.
At 800 nm, intensity dependent Z-scan studies were performed at different peak intensities of 190MW/cm2,
210MW/cm2, 260MW/cm2 and observed that the TPA coeffieicent (~10−5 cm/W) increased significantly as a
function of peak intensity. Interestingly, the nonlinear absorption of Ag NWs films demonstrated a complex
behavior of saturable absorption (SA), reverse saturable absorption (RSA) and switching from RSA within SA
depending on excitation wavelength even though the studies were performed at similar peak intensities. The
estimated NLO coefficients were IS= 30MW/cm2 (βsa= 0), βTPA=1.6× 10−5 cm/W, IS= 92MW/cm2

(βeff=1.4×10−5 cm/W) and IS= 60MW/cm2 (βsa= 1.72×10−5 cm/W) for the wavelengths of 700 nm,
750 nm, 850 nm and 900 nm, respectively. The nonlinear refraction studies at the wavelength 800 nm, in-
vestigated by closed aperture Z-scan, demonstrated a positive sign (compared to the studies at other wave-
lengths) and the obtained intensity dependent nonlinear refractive index was ~1.6×10−9 cm2/W.

1. Introduction

Optical data storage, optical information processing, optical lim-
iting, optical switching, and image processing have emerged as a class
of important technologies those predominantly depend on the non-
linear optical (NLO) properties exhibited by nanomaterials in general,
and Plasmonic nanomaterials, in particular [1–6]. Plasmonic nanoma-
terials with different shapes afford unique challenge in appraising the
structural morphology–NLO property relationship because of the for-
mation of combined surface Plasmon resonances i.e. hotspots resulting
from the nanomaterials when they are placed contiguously. In optical
limiting studies, morphology of Plasmonic nanomaterials such as cubes,
prisms, stars, rods etc. [7–10] determine the enhancement of photon
yield due to the oscillating dipoles in S-conduction band. These

oscillating dipoles which are influenced by the local electro-magnetic
fields result in boosting the third-order nonlinear optical susceptibility
[7,8]. As the diameter of these nanowires approach the 10–40 nm
range, the surface Plasmon wave experiences dielectric confinement
which strongly support the nonlinear absorption processes such as
single (saturable absorption, SA) and multi-photon absorptions (reverse
saturable absorption, RSA) [11]. Amongst several materials in-
vestigated thus far (shape based Plasmonic nanomaterials) in NLO
studies, Ag nanowires are one of the promising materials due to their
exceptional optical properties directing to the well-known applications
such as optical switching [11], and optical limiting [12,13]. Multi-
dimensional applications of Ag NWS made them very special in the
recent day scientific advancement. Very recently, Lei et al. [14] re-
ported on the usage of transparent Ag Nanowires as energy storage

https://doi.org/10.1016/j.optmat.2019.109305
Received 22 May 2019; Received in revised form 3 August 2019; Accepted 7 August 2019

∗ Corresponding author.
∗∗ Corresponding author.
E-mail addresses: soma_venu@uohyd.ac.in (S.V. Rao), gopalakrishna.podagatlapalli@gitam.edu, satgurusai.gk@gmail.com (G.K. Podagatlapalli).

Optical Materials 96 (2019) 109305

0925-3467/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09253467
https://www.elsevier.com/locate/optmat
https://doi.org/10.1016/j.optmat.2019.109305
https://doi.org/10.1016/j.optmat.2019.109305
mailto:soma_venu@uohyd.ac.in
mailto:gopalakrishna.podagatlapalli@gitam.edu
mailto:satgurusai.gk@gmail.com
https://doi.org/10.1016/j.optmat.2019.109305
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2019.109305&domain=pdf


windows. Wu et al. [15] reported on the production of transparent
electromagnetic interference shielding (EMI Shielding) silver nanofi-
bers which were produced at room temperature. Other pioneers of the
field extensively worked on dimensionality of the nanomaterials and
they were able to demonstrate significant properties and usages of
silver based 2D materials [16–18]. Further, in the close vicinity of the
nanowires on the substrate, Plasmonic hotspots are created providing
large evanescent fields and, thereby, an enhancement in the NLO re-
sponse.

The third-order NLO properties of plasmonic nanoparticles dis-
persed or embedded in various dielectric matrices has been explored in
the regions near/far to the surface plasmon resonance (SPR) band
[19,20]. The dispersed plasmonic nanoparticles in a dielectric host
provide large third order NLO response than in the solution form
[21–23]. Over the last couple of decades, the third order NLO behavior
of plasmonic nanoparticles in different dielectric hosts such as silica
[24], Al2O3 matrix [25–27], ITO [28] were investigated by various
researchers and obtained χ(3) values in a range of 10−6-10−9 e.s.u.
using nanosecond laser pulses. Torres et al. [29] reported χ(3) value of
one order more (~10−9 e.s.u.) in the case of Au NPs and Si quantum
dots in SiO2. Thus obtained χ(3) values were large compared to the third
order nonlinear susceptibility of standard sample CS2 (~1012 e.s.u.)
recorded with nanosecond pulses. Moreover, broadband femtosecond
(fs) NLO properties of plasmonic nanoparticles (Au, Ag) in SiO2 matrix
have been executed by diverse research groups [30,31]. Though there
are many reports available on the NLO studies of silver nanomaterials
of different shapes, Ag NWs are less investigated materials by the re-
searchers. We believe that the silver nanowires generate higher number
of hotspots compared to aggregated silver nanoparticles. Consequently,
fs NLO studies of Ag NWs films on a glass substrate were attempted by
us. In this work, we present results of nonlinear absorption (NLA) and
nonlinear refraction (NLR) studies of Ag NWs dispersed on a glass host
(ordinary cover slip) using a simple technique of Z-scan at different
wavelengths 700 nm, 750 nm, 800 nm, 850 nm and 900 nm, using
femtosecond (fs) pulses. Furthermore, peak intensity dependent studies
of Ag NWS films in open aperture Z-scan method were also performed
[32].

2. Experimental details

Silver nanowire suspensions (Ag NWS) in 0.5% isopropanol (IPA)
whose dimensios are 60(± 10) nm×10(± 5) μm, density- 0.785 gm/
mL were purchased from Sigma Aldrich (product no-739421, CAS-
7440224) and the suspensions posses a thick gray coloration. Prior to
the experiment, Ag NWS were sonicated to avoid the agglomeration and
to maintain the monodispersionality. Ag NW films were prepared by
drop cast method wherein 20 μL solution was utilized and the films
were allowed to dry for sometime. While preparing the Ag NWS films,
significant transmission of laser beam through the film was ensured by
preparing the films with large quantity of solution (> 20 μL). It was
found that the quantity 20 μL is an optimal amount of Ag NW colloidal
solution to prepare Ag NWs films with required transparancy (70–80%).
We performed two studies, i) Ag NW films were utilized to investigate
optical nonlinear (NLO) properties of the Ag NWs using femtosecond
laser pulses of time length 150 fs (Chameleon, 76MHz, central wave-
length of 800 nm) both in the open aperture and closed aperture Z-scan
methods [32–34] at 700 nm, 750 nm, 800 nm, 850 nm, and 900 nm at a
peak intensity of ~190MW/cm2 ii) at 800 nm, intensity dependent Z-
scan studies were performed at different peak intensities of ~190MW/
cm2, ~210MW/cm2, ~260MW/cm2. Complete details of the experi-
mental setup can be found in some of our earlier works [35,36]. Z-scan
studies were performed by focusing the input beam with ~4mm dia-
meter using a lens (f= 10 cm). The estimated beam waist at the focus
was ~25 μm. In the wavelength dependent studies, typically ~19mW
of input power (corresponding to 0.27 nJ energy) was utilized where as
for the peak intensity dependent studies the utlized input powers were

~19mW, ~21mW and ~26mW. Ag NW film on a glass substrate in a
sample holder was kept perfectly normal to the incoming laser beam.
Ag NW films were scanned in the focal plane of the lenses within a
range of −10Z0 to +10Z0, where Z0 is the Rayleigh range of the fo-
cussed laser beam. The input laser beam was allowed to pass through
Ag NWS film and the transmitted light was investigated by a thermal
power sensor connected with a power meter. The translational stage
and photodiode were interfaced to a computer using LabVIEW software.
The transmission curves obtained in both open and closed aperture Z
scans were fitted with the theoretical formulae and from the fitting
parameters the NLA and the NLR coefficients were estimated. For a bare
cover slip (without any nanowire film), no NLO behaviour was ob-
served and was confirmed from the Z-scan studies.

3. Results & discussion

Ag NWs in isopropyl alchol (IPA) were purchased from Sigma
Aldrich were kept in a clean and cool area to avoid the contamination
due to light exposure. Concentration of the Ag NWs colloids was de-
creased by mixing them in pure IPA to avoid the saturation in the ab-
sorbance. Prior to the dilution Ag NWs in IPA has a dark gray colora-
tion. AgNWs were characterized by UV absorption spectrometer. Fig. 1
shows the recorded UV absoption spectrum of Ag NWs in IPA. In Fig. 1
broad peak is the SPR peak and the sharp peak obtained is from in-
terband transitions in Ag [37]. In general, interband transitions de-
monstrate their characterstic peak in the UV region. The broad peak in
the UV-absorption spectrum is from the intraband transitions wherein
conduction electrons in lower energy levels uplift to higher levels of
condution band. The FWHM of the UV–Visible absorption peak de-
monstrate the mono dispersive nature of Ag NWs. The surface Plasmon
resonance peak's shoulder is extended up to 840 nm in the UV–Visible
absorption spectrum which could be due to the combined resonances of
Ag NW piles. Later, Ag NWs were characterized by Field Emission
Scanning Electron Microscope (FESEM, Ultra 55 from Carl Zeiss) and
confirmed their mono-dispersive nature and morphological informa-
tion. Fig. 2 depicts the FESEM images of Ag NWs in IPA at different
magnifications. Fig. 2 confirms the monodispersive Ag NWS with the
average dimensions 10 μm length and 60 nm diameter. Additionally, to
elucidate the structural properties of Ag NWS we performed the
Transmission Electron Microscopic (TEM, FEI Technai, G2 S-Twin
200 keV) analysis (the data of which is depicted Fig. 3). We performed
the selected area electron diffraction (SAED) and high resolution TEM
analysis also. SAED pattern [Fig. 3 (b)] demonstrated the single

Fig. 1. UV–Vis absorption spectrum of Ag NWs in IPA demonstrating a localized
surface Plasmon resonance at 380 nm. Absorbance is measured in arbitrary
units.
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crystalline structure of Ag NWS. HRTEM data [Fig. 3(c)] revealed the
measured interplanar spacing to be ~0.23 nm, which is in good
agreement with the interplanar spacing of [111] lattice plane of silver.
The interplanar distance which was obtained from the SAED measure-
ments (0.23 nm) is in good agreement with the face centered cubic
(FCC) structure of silver and the corresponding plane is (111). The
obtained labelling of [111] for 0.23 nm is in good agreement with
PCPDF file no 01–1167 [38,39]. In the determination of lables of each
bright spot in SAED pattern, (011) was taken as the zone axis.

To study the NLO properties of Ag NWs on the glass substrate, the
transmission Z-scan measurements were carried out. Wavelength de-
pendent optical nonlinearities in Plasmonic materials are of more in-
terest owing to the possibility of potential applications in frequency
multiplexing concept. This could be the hypothesis that Plasmonic na-
nomaterials exhibit strong nonlinear absorption behavior at resonance
(or) near the resonance of LSPR wavelength and these studies has been
performed by another group recently [10]. In our work, wavelength
dependent NLO properties of Ag NWs have been studied near and far-
off to the LSPR resonance. Fig. 4 shows the open aperture curves of Ag
NWs film substrate recorded at different wavelengths (a) 700 nm, (b)
750 nm, (c) 850 nm, (d) 900 nm at a peak intensity of 190MW/cm2

(Open aperture Z-Scan trace of Ag NW film at 800 nm wavelength at a
peak intensity of 190MW/cm2 is shown in Fig. 5). Error bars in Fig. 4
are of 2% variation in the data points which is due to the fluctuation in
the input laser energy. During these studies it was ensured that the
average power that was taken at the mentioned wavelengths is more or

less same to give a peak intensity of ~190MW/cm2. At the input wa-
velength 700 nm, Ag NWs demonstrated saturable absorption (SA) be-
havior, characterized by negative nonlinearity whereas RSA in SA
(switching behavior was observed at 850 nm and 900 nm. SA and
switching (RSA in SA) behaviors are one photon (1 PA) process and TPA
with SA process, respectively. When the Ag NWs get excited at 700 nm,
the charge transfer possibly takes place from S-band to P-band in the
conduction band and finally the S-conduction band has been bleached
at lower intensity. Consequently, no more electrons can be moved from
S-band to further level and hence Ag NWs exhibited high transparency
(SA) near to the focal region. Similarly, ground state bleaching in S-
band might occur due to the residual absorption at the excitation of
850 nm and 900 nm at lower intensity and a small dip was observed at
focal point which is due to excited state (or) free carrier absorption. In
this case, saturation intensity and effective two-photon absorption
coefficient have been estimated by using equation (1).

=
+

+α I α βI( )
1 I

I

0

S (1)

Additionally, for the wavelength of 750 nm, outcome demonstrated
reverse saturable absorption (RSA), described by positive β which also
could be due to strong quadrupole Plasmon resonance absorption
(380 nm) at TPA wavelength. The estimated NLO coefficients are
IS= 30MW/cm2 (βsa= 0), βTPA= 1.6× 10−5 cm/W, IS= 92MW/
cm2 (βeff=1.4× 10−5 cm/W) and IS= 60MW/cm2

(βsa= 1.72× 10−5 cm/W) for the wavelengths of 700 nm, 750 nm,
850 nm and 900 nm, respectively.

Open aperture Z-scan trace at 800 nm is symmetric with respective
to zero point (beam waist at the focus), where it demonstrated a dip.
This curve revealed that Ag NWs on glass substrate demonstrates pure
reverse saturable absorption (RSA). Fitting of the experimental data
with the available theoretical formulae for NLA demonstrated that two-
photon absorption (TPA) occurred at 800 nm. No NLA behavior was
perceived for pure glass substrate at the same intensity utilized in the
experiment for the sample. It was confirmed that the nonlinear beha-
vior demonstrated in Fig. 4 is purely accredited to Ag NWs.

Fig. 5 demonstrates nonlinear transmittance exclusive of an open
aperture with respect to position of the Ag NW film along the beam
propagation direction, at a wavelength of 800 nm for three input peak
intensities of ~190MW/cm2, ~210MW/cm2, ~260MW/cm2, corre-
sponding to the input powers ~19mW, ~21mW, and ~26mW, re-
spectively. The fit of equation (3) to the open aperture Z-scan data is
illustrated in Fig. 5. The curves in Fig. 4 are fitted with peak intensity
dependent absorption coefficient is given by α (I)= α0 + β × I, where
α0 is the linear absorption coefficient, β is the positive nonlinear ab-
sorption coefficient (or) two photon absorption coefficient and I is input
peak Intensity changes with z (propagation distance). To obtain the
theoretical open aperture Z-scan curve [40], it is obligatory to evaluate
the below equation

= −dI
dZ

α I I( )
(2)

The normalized transmittance open aperture Z-scan equation is
mentioned below

=
⎛
⎝

+ ⎞
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Z
Z
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2
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where Z0 is the Rayleigh range which is related to beam waist ω0, I0 is
the peak intensity at the focal plane, Leff is the effective length of the
sample. Error bars in Fig. 5 are typically 2% variation in the data points
which is due to the fluctuation in the input laser energy. The recorded
data has been fitted perfectly to two-photon absorption (TPA) coeffi-
cient (β) and obtained value was 1.5×10−5 cm/W at a peak intensity
of 190MW/cm2. Earlier investigations demonstrated that the NLO
coefficients of various samples are strongly influenced by the

Fig. 2. Field Emission Scanning Electron Microscopic images of Ag NWS taken
at the magnifications (a) 10 μm (b) 2 μm to confirm the morphology of silver
nanowires and their mono dispersive nature.

R. Allu, et al. Optical Materials 96 (2019) 109305

3



Fig. 3. (a) TEM image of Ag NWS that show the microstructures clearly (b) SAED pattern of Ag NWS which confirms the single crystalline nature of them (c)
assignments of various miller indices of lattice planes (d) HRTEM shows the lattice plane s of Ag with an interplanar spacing 0.23 nm which is in agreement with
[111] plane of silver.

Fig. 4. Open aperture Z Scan curves of Ag NWs film
obtained with femtosecond laser pulses with a pulse
duration 150 fs at wavelengths (a) 700 nm (b)
750 nm (c) 850 nm and (d) 900 nm. Solid spheres
denote the experimental data while the solid lines
(blue) represent the theoretical fits. (For interpreta-
tion of the references to color in this figure legend,
the reader is referred to the Web version of this ar-
ticle.)
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fabrication technique, resulting in a big variation in the coefficient
values. Hence, expectedly, the values of TPA coefficients are marginally
different from the reported values. Wang et al. [11] performed fs NLO
studies (76MHz, 130 fs and 780 nm) of Ag nanowires on polarizing
glass prepared by thermal elongation and reduction technology and
acquired TPA coefficient values of 0.82 cm/GW at θ=0 (where laser
polarization is parallel to the Ag nanowire axis) and 0.12 cm/GW at
θ=90 (where laser polarization is perpendicular to the Ag nanowire
axis). They reported that small TPA coefficient obtained due to laser
excitation wavelength is far away from the transverse resonant plasmon
peak (θ=90) and alternatively high TPA value acquired due to rela-
tively strong longitudinal resonance absorption at laser fundamental
wavelength. They additionally expressed that the thermal effects were
minimized because the samples excited by the laser pulses with weak
peak intensity. In our case, we determined the large β (TPA) value
could be attained from strong quadrupole plasmon resonance absorp-
tion (380 nm) at TPA wavelength and small residual absorption at
fundamental wavelength and local evanescent field enhancement
owing to electronic transitions from s-band to p-band (or) free carrier
absorption. The data presented in Fig. 5 clearly suggests that dip in
transmittance increased with peak intensity and obtained coefficients
were 3×10−5 cm/W and 3.5× 10−5 cm/W at peak intensities of
210MW/cm2 and 260MW/cm2, respectively. It is observed that the β
(TPA) value increased as the input peak intensity value is increasing
which could be due to excited state absorption (ESA) support the po-
pulation in ground state massively, thus causing ESA coefficient value
be influenced by input fluence. We cannot consider the β values ob-
tained at higher peak intensities to be true TPA coefficients since we
expect contributions from higher-order nonlinearities, which was evi-
dent from the intensity dependent studies. Even though the pulse
duration used was ~150 fs there could be small contributions from
excited states to the overall nonlinear transmittance at higher peak
intensities. The theoretical fits to the Z-scan experimental data at higher
peak intensities were also not ideal. Further detailed studies are war-
ranted to understand the complex behavior at higher peak intensities.
Particularly at 800 nm wavelength, the hot spots generated between the
piles of silver nanowires might affect the nonlinearities (TPA) and
hence the magnitude could have been enhanced. Fig. 6 illustrates the
obtained TPA coefficient values along with linear absorption spectra of
the Ag NWs with respect to wavelength. It was observed from the re-
sults that the highest nonlinear TPA coefficient (β) is acquired at non-
resonant absorption peak (800 nm) which does not relate to residual
absorption at 800 nm and this could be probably due to the two-photon

absorption wavelength quadruple resonance, and it might influence the
nonlinear absorption at other different wavelengths. The optical lim-
iting plot for Ag NWs at 750 nm and 800 nm wavelengths is shown in
Fig. 7. It was observed that the optical limiting threshold value was
considerably small at 750 nm (4.5 μJ/cm2) compared with 800 nm
wavelength (6.2 μJ/cm2) which could be owing to the strong quadruple
resonance at two-photon absorption wavelength. Thermal effects are
expected to play an important role in the large NLO coefficients ob-
served in the present case. Though the pulse duration was ~150 fs the
high repetition rate will play a significant role in the thermal processes
and experimental data obtained with kHz repetition rate pulses will be
devoid of any such thermal effects. Our future endeavor will be to re-
cord the Z-scan data with kHz fs pulses.

Fig. 8 illustrates the closed aperture Z-scan data of Ag NWs film
substrate at different wavelength of (a) 700 nm, (b) 750 nm (c)
800 nm (d) 850 nm and (e) 900 nm, at a peak intensity of 0.05 GW/cm2.
In this characterization, the transmittance of a central portion of
Gaussian beam which passes through small sized aperture (S= 0.4) in
the far field is recorded. The normal transmittance curve in closed
aperture Z-scan was fitted with equation (4)

Fig. 5. Open-aperture Z-scan data of the Ag NWs film substrate under the ex-
citation of 800 nm with different peak intensities. Open symbols are the ex-
perimental data points while the solid curves are theoretical fits.

Fig. 6. The obtained two-photon absorption coefficient values (Solid spheres)
along with linear absorption spectra (solid line) of the Ag NWs film substrate as
a function of wavelength.

Fig. 7. Optical limiting response of the Ag NWs film substrate obtained at
different wavelengths (a) 750 nm and (b) 800 nm.
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where Δϕ is the phase shift experienced by the ultrafast pulse after
traversing the nonlinear medium which is related to the nonlinear re-
fractive index n2, can be described by the following equation Δϕ=k
n2I0Leff. The sign and coefficient of nonlinearity were strongly influ-
enced by the excitation wavelength and Plasmon band of Ag NWs. The
obtained nonlinear refractive index coefficients are −1.6× 10−9 cm2/
W, −0.9×10−9 cm2/W, 1.6×10−9 cm2/W, is −2.2×10−9 cm2/W,
and −19×10−9 cm2/W at wavelength of 700 nm, 750 nm, 800 nm,
850 nm and 900 nm, respectively. Error bars in Fig. 8 are representative
of ~2% variation in the data points which is due to fluctuations in the
input laser energy. There are two phenomena that explain the nonlinear
refractive index curves, including electronic contribution (Kerr effect)
and thermal contribution. Thermal effects are predominant when the
laser excitation intensity is strong and high repetition rate of ~80MHz
through an increase in the sample temperature. In our experiment,
there could be insignificant thermal effects arising from the low peak
intensity (0.05 GW/cm2) but the repetition rate might induce thermal
nonlinearities. We believe that the prominent response of nonlinearity
in the case of Ag NWs film substrate is electronic nonlinearity (input
pulse duration of 150 fs) though the thermal contribution cannot be
ruled out. In our present study, the trend of nonlinear coefficients ob-
tained are in good agreement with the previously reported NLO studies
of silver nanowires embedded in different hosts, wherein they ex-
plained saturable absorption, reverse saturable absorption and the sign
of intensity dependent refractive index [41–45]. Further detailed ex-
periments with kHz repetition rate pulses will depict the true electronic
nonlinearity and will be a subject of our future investigations.

4. Conclusions

In summary, Ag NWS films prepared by drop cast method were
utilized to investigate the NLO behavior of Ag NWS at 700 nm, 750 nm,
800 nm, 850 nm, and 900 nm using both open aperture and closed
aperture Z-scan studies. At 800 nm, nonlinear absorption demonstrated
pure RSA behavior with a TPA coefficient of ~10−5 cm/W. Particularly

at 800 nm, nonlinear absorption studies at different peak intensities
demonstrated a significant enhancement in the two-photon absorption
coefficient. The obtained nonlinear refractive index coefficients are
−1.6× 10−9 cm2/W, −0.9× 10−9 cm2/W, 1.6×10−9 cm2/W, is
−2.2× 10−9 cm2/W, and −19×10−9 cm2/W at wavelength of
700 nm, 750 nm, 800 nm, 850 nm and 900 nm, respectively. We believe
that the retrieved high NLO coefficients might be due to the high
density of hot spots those generated between the piles of Ag NWs.
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