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Abstract Silver nano-colloid was prepared by chemical reduction method and its nonlinear
absorption properties were investigated by using open aperture z-scan experiment with nano-
second laser pulses operating at 532 nm. Interestingly, a switch over from saturable absorp-
tion to reverse saturable absorption was observed when the input intensity is increased from
28.1 to 175.8 MW/cm2. The underlying mechanism responsible for the observed switching
behaviour is the interplay between ground state plasmon band bleaching and excited state
absorption. Theoretical fitting was done by using a model in which nonlinear absorption
coefficient as well as saturation intensity are incorporated.
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1 Introduction

Research on noble metal nanoparticles has recently received considerable attention, because
of their potential applications in photonic devices due to their large nonlinear susceptibilities
and fast response time (Gurudas et al. 2008). Among the nanoparticles of noble metals, silver
(Ag) and gold have received special interest, as they exhibit surface plasmon resonance (SPR)
band in the visible region of the electromagnetic spectrum. The origin of this absorption band
is attributed to the collective oscillations of the free electrons, in the conduction band near the
Fermi level, caused by the interaction with the electromagnetic field. SPR absorption band
can be tuned across the entire visible spectrum by varying the size and shape of the nano-
particles. The plasmon resonance of metal nanoparticles can cause local field enhancement
and leads to many interesting properties. This enables them to find many applications such
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as optical limiting, plasmon waveguide, sensor protection, medicine and nanoprobes (Elim
et al. 2006; Shipway et al. 2000; Storhoff et al. 2004; West et al. 2003; Gao et al. 2007; Wang
et al. 2005; Lapotko 2009; Francois et al. 2000).

The nonlinear optical properties of metal nanoparticles are strongly dependent on their
size, shape as well as the dielectric medium (Lee et al. 2009; Link and El-Sayed 2003). In par-
ticular, the third order optical nonlinearity of metal nanoparticles and their nanocomposites
has received a lot of attention (Ispasoiu et al. 2000; Philip and Kumar 2000; Smith et al. 1999;
Boni et al. 2008; Zhang et al. 2003; Gomez et al. 2007; Gao et al. 2003; Ganeev et al. 2004).
Z-scan technique is commonly adopted for the investigation of third order nonlinear optical
properties of these materials. Z-scan is a single-beam method developed by Sheik Bahe el al.
to measure the nonlinear absorption and nonlinear refraction of a thin material (Sheik-Bahe
et al. 1990). Nonlinear absorption refers to the change in transmittance of a material as a
function of intensity or fluence. There are variety of processes leading to nonlinear absorption
like, two-photon absorption (TPA), multiphoton absorption, excited state absorption (ESA),
free-carrier absorption (FCA), reverse saturable absorption (RSA) and saturable absorption
(SA). RSA leads to increase in absorption in the sample with increase in intensity whereas,
for SA, absorption in the sample decreases with increase in the input intensity.

It has been reported earlier that, metal nanoparticles exhibits a switch over behavior from
SA to RSA when parameters like laser energy, particle-size and shape are changed (Gurudas et
al. 2008; Elim et al. 2006; Lee et al. 2009; Gao et al. 2005; Deng et al. 2008; Karthikeyan et al.
2005; Karavanskii et al. 2004; Unnikrishnan et al. 2003; Anija et al. 2003; Zheng et al. 2010).
For example, Gurudas et al. studied the picosecond optical nonlinearity in silver nanodots
prepared by pulsed laser deposition at 532 nm (Gurudas et al. 2008). They observed a flip
over from SA to RSA behavior at higher input irradiance. Similar kind of nonlinear optical
absorption behavior is previously observed in Au/Ag coreshells (Anija et al. 2003), Au–Ag
alloy nanoclusters (Philip and Kumar 2000), Au nanorods (Elim et al. 2006), Au nanocubes
and nano-octahedra (Lee et al. 2009) and platinum nanoparticles (Gao et al. 2005) depending
on the intensity of the incident radiation. Saturable absorption is attributed to the ground state
plasmon bleach due to intraband electron excitation at moderate input intensities, while RSA
at higher input intensities is attributed to various processes like, transient absorption from
free carriers and photoejection of electrons, two photon absorption, nonlinear scattering etc.

In this paper, we report the nonlinear absorption characteristics of well dispersed and stable
aqueous silver nano-colloids by open aperture z-scan measurements at 532 nm. It is observed
that the sample acts as a saturable absorber and reverse saturable absorber at the same wave-
length depending on the excitation intensity. Saturable absortion is attributed to the ground
state bleaching at relatively low intensities and, RSA at high excitation intensities is ascribed
to the cumulative effect of ESA, two photon absorption and nonlinear scattering. The inten-
sity dependent switching behavior attributed by SA and RSA of noble metal nanoparticles
can be possibly utilized for variety of photonic applications like optical pulse compression,
mode locking, all-optical switching and optical power limiter (Gurudas et al. 2008; 1986;
Ganeev et al. 2004, 2009; Kiran et al. 2004; Wang et al. 2010).

2 Experimental

Silver nanoparticles were prepared by chemical reduction of silver nitrate (AgNO3) with
sodium boro hydride (NaBH4) in the presence of trisodium citrate (Jana et al. 2001). Triso-
dium citrate acts as a stabilizing agent. The preparation of the Ag nanoparticles is described
briefly as follows. First, a 20 ml solution containing 0.25 mM AgNO3 and 0.25 mM trisodium
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citrate in water was prepared. While stirring vigorously, 0.6 ml of 10 mM NaBH4 was added
all at once. Then the color of the solution turned to yellow, indicating the formation of silver
nanoparticles. The absorption spectrum of the sample was recorded by a UV/Vis spectro-
photometer. The average size of the Ag nanoparticles obtained using Scanning Tunnelling
Electron Microscopy (STEM).

The nonlinear optical absorption of aqueous solution of silver nanoparticles was investi-
gated by open aperture z-scan. The advantage of z-scan measurement is that, it can separate
the intensity dependent SA and RSA spatially. A Q-switched Nd:YAG laser (Spectra Physics
LAB-1760, 532 nm, 7 ns, 10 Hz) was used as the light source. The laser beam was focused
on the sample by a lens of focal length 200 mm. The radius of the beam ω0 was calculated to
be 42.5μm. The Rayleigh length, z0 = πω2

0/λ, was estimated to be 1.07 cm, which is much
greater than the thickness of the sample cuvette (1 mm), and is an essential prerequisite for
z-scan experiments. The sample cuvette was fixed on a computer-controlled translation stage,
so that it could be accurately moved through the focal region of the laser beam over a length
of 60 mm. The transmitted beam energy, reference beam energy and the ratios were mea-
sured simultaneously using an energy ratio meter (Rj7620, Laser Probe Corp.) having two
identical pyroelectric detector heads (Rjp735). The detected signals were acquired, stored
and processed by the computer.

3 Results and discussion

The size of the Ag nanoparticles was obtained using STEM as shown in Fig. (1). It can
be seen that the nanoparticles are of spherical shape and the diameter of the particles falls
in the range 2–10 nm as evident from the particle size distribution graph (Fig. 2). Absorp-
tion spectrum of the aqueous solution of silver nanoparticles is shown in Fig. (3). The SPR
peak is observed at 402 nm. We performed open aperture z-scan of the Ag nano-colloid at
different input energies. The experimental results at different peak intensities in the range
28 − 175 MW/cm2 are shown in Figs. (4)–(10). The sample exhibited interesting excitation
intensity dependent behaviors. Saturation absorption behavior is observed when the exci-
tation fluence was 28 MW/cm2 (Fig. 4). Figure (5) shows the nonlinear behaviour of the
nanoparticles at a higher intensity, 40.4 MW/cm2 in which two symmetrical humps flanking
a small valley is appeared around the focal point. As the power increased further, the depth
of the valley increases. For example, when the input intensity is at 40.4MW/cm2 the depth
of the valley is 2.3 and at intensity 149.4 MW/cm2 the depth increases to 0.3. However, it
is observed that at 175 MW/cm2, valley depth again reduced to 1.05. Thus by varying the
input intensity in the range 28–175 MW/cm2, the sample exhibited SA as well as RSA behav-
ior. Such a changeover in the sign of nonlinearity can be generally modelled by defining a
nonlinear absorption coefficient α(I ) which is a sum of independent positive and negative
transmissioon coefficients (Gao et al. 2005). To interpret the flip of SA around the beam
waist, we combine the SA coefficeint and the TPA coefficient to yield the total absorption
coefficient as,

α (I ) = α0

1 + I/Is
+ β I (1)

where the first term describes negative nonlinear absorption such as SA, and the second term
describes positive nonlinear absorption such as RSA and two photon absorption. α0 is the
linear absorption coefficient, I is the laser intensity, and Is is the saturation intensity. β is the
positive nonlinear absorption coefficient. Then the normalised transmittance is given by,
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Fig. 1 STEM image of the silver
nanoparticles

Fig. 2 Size distribution of silver nanoparticles

T (z) =
∞∑

m=0

[
−α I0 Lef f

1+z2/z2
0

]m

(m + 1)
(2)

where Lef f = (1 − e−α0L)/α0, z is the longitudinal displacement of the sample from the
focus (z=0), α is the nonlinear absorption coefficient, I0 is the on axis peak intensity at the
focus, Lef f is the effective interaction length, L is the sample length, z0 is the Rayleigh dif-
fraction length. Theoretical fit of the experimental data could be done by substituting Eq. (1)
into Eq .(2). It can be seen from Figs. (4)–(9) that the theoretical fitting is in good agree-
ment with the experimental data. The estimated values of saturation intensity and nonlinear
absorption coefficient β are given in Table 1.
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Fig. 3 Absorption spectrum of aqueous silver nanoparticles
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Fig. 4 Open-aperture z-scan curve of aqueous silver nanoparticles at 532 nm at laser beam intensity,
I0 = 28.1 MW/ cm2

Optical properties of metal nanoparticles are influenced by the localized outermost elec-
trons in the d-bands and by quasi-free-electrons in the s-p conduction band. Nonlinear Opti-
cal properties of noble metals in the visible range basically originate from two mechanisms,
namely interband and intraband transtions. The interband transition arises between the levels
in the d-band that are just below the Fermi level and the conduction band, whereas intraband
transition happens from ground state to the excited state in the conduction band. Electrons
are firstly pumped from ground state to the excited state where they then become free car-
riers (SPR absorption), this process is subsequently followed by the broad band absorption
of these free carriers (free carrier absorption). Then finally the excited electrons relax to the
ground state by electron-electron coupling, electron phonon interaction and phonon–phonon
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Fig. 5 Open-aperture z-scan curve of aqueous silver nanoparticles at 532 nm at laser beam intensity,
I0 = 40.4 MW/ cm2
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Fig. 6 Open-aperture z-scan curve of aqueous silver nanoparticles at 532 nm at laser beam intensity,
I0 = 61.5 MW/ cm2

relaxation (Zheng et al. 2010; Venkatram et al. 2006). A simple scheme of the possible
absorption and relaxation mechanisms is shown in Fig. (10) (Gurudas et al. 2008).

When the sample is far from the focus, the weak intensity cannot induce any nonlinear-
ity and the transmittance is unity. As the sample is moved towards the focus, the moderate
intensity induces the plasmon oscillation of the electrons within the conduction band. Thus
majority of the nanoparticles are pumped to the excited state, leading to a smaller population
of the ground state. This causes the bleaching in the ground state plasmon absorption band.
At this intensity level, the transmitted intensity will be maximum resulting in saturation
absorption (SA) behavior (hump). When the sample approaches the focal point, intensity
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Fig. 7 Open-aperture z-scan
curve of aqueous silver
nanoparticles at 532 nm at laser
beam intensity,
I0 = 87.9 MW/cm2
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Fig. 8 Open-aperture z-scan
curve of aqueous silver
nanoparticles at 532 nm at laser
beam intensity,
I0 = 149.4 MW/cm2

−30 −20 −10 0 10 20 30 40
0

0.5

1

1.5

2

2.5

Z(mm)

N
or

m
al

iz
ed

 T
ra

ns
m

itt
an

ce

 

 
Experimental data
Theoretical fit

Table 1 The saturation
intensities and the nonlinear
absorption coefficients obtained
by theoretical fitting of
experimental data at different
laser intensities I0

I0 (MW/cm2) Is (MW/cm2) β (cm/MW)

28.1 32.1 −2.562

40.4 30.1 9.116

61.5 66.0 2.425

87.9 96.9 1.727

149.4 130.0 2.013

175.8 182.6 0.4659

increases further and the nonlinear absorption begins to play a dominant role. This intensity
is sufficient enough to pump the free carriers in the conduction band to higher energy levels
by ESA. As a result, transmittance decreases to a minimum at the focal point and a valley
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Fig. 9 Open-aperture z-scan
curve of aqueous silver
nanoparticles at 532 nm at laser
beam intensity,
I0 = 175.8 MW/cm2
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Fig. 10 Energy-level diagram
explaining the processes leading
to SA and RSA

appears in the open aperture z-scan curves. In the case of silver, electronic transition between
d-bands and conduction band requires photon energies larger than 4 eV (Gurudas et al. 2008).
In the present experiment, the excitation wavelength is 532 nm (2.33 eV), which is much
less than the interband transition threshold. Thus the observed nonlinearity is mainly due to
intraband transition at moderate input intensities. However, at high input fluencies, we cannot
discard the possibility of TPA in addition to the FCA. As the wavelength range of interband
transition in Ag is located below 320 nm, the TPA connected with interband transition can be
excited with 532 nm radiation at high intensity (Philip and Kumar 2000; Zheng et al. 2008).
Another possible mechanism which is responsible for the observed RSA behavior at high
excitation intensities is the nonlinear scattering (Lee et al. 2009). However, further experi-
mental investigation is required to find out the contribution from nonlinear scattering in the
observed RSA behavior. We speculate that the RSA behavior at high excitation intensities is
a cumulative effect of ESA, TPA and nonlinear scattering.

Similar switching behaviors have also been previously observed for silver nanowires/sil-
ica gel glass composite (Zheng et al. 2010), Au:SiO2, Ag:ZrO2 (Anija et al. 2003), platinum
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nanoparticles (Gao et al. 2005) and silver nanoparticles in PMMA (Deng et al. 2008), under
nanosecond irradiation at 532 nm. Different reasonings are given in the literature to explain
the observed behavior. In the case of silver nanowires/silica gel nanocomposite, an underlying
mechanism for this switch over behavior was proposed from the viewpoint of the different
environments and electronic dynamics of silver nanowires in liquid and solid-state matrices.
For Au:SiO2 and Ag:ZrO2, the observed behavior is explained in terms of electronic Kerr
nonlinearity and nonlinear light scattering.

Interestingly, in the present experiment, a switch over behavior from SA to RSA is observed
for silver nanoparticles of sizes ranges from 2 to 10 nm under excitation with nanosecond
pulses at 532 nm wavelength when the input intensity was at 40.4 MW/cm2. This intensity
threshold for the switching behavior is substantially low compared to the previous results
(Gao et al. 2005; Deng et al. 2008; Anija et al. 2003; Zheng et al. 2010).

4 Conclusions

In summary, silver nano-colloid was prepared by chemical reduction method and its nonlinear
absorption properties have been studied using open aperture z-scan at excitation wavelength
532 nm. The nano-colloid exhibited a switch over from SA to RSA as the excitation intensity
is increased. The SA behavior is attributed to the ground state plasmon band bleaching and
RSA is attributed to the cumulative effect of ESA, TPA and nonlinear scattering.
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