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Abstract

Silver nanoparticles exhibit saturable absorption at resonant excitation, which upon addition of the polymer as a capping
agent, exhibit reverse saturable absorption. These nonlinear optical processes play an important role in the overall nonlinear
optical properties of silver nanoparticle. Thus, with this viewpoint, the nonlinear absorption of silver nanoparticles in deion-
ized water in the presence of varying concentration polyvinylpyrrolidone polymer was investigated using femtosecond laser
pulses at 400 nm. This study shows that the saturable absorption process is significantly suppressed at high concentration of
the polymer. The silver nanoparticle with smaller size shows pure reverse saturable absorption process with the respective
coefficient of f = 7.55 x 10712 cm/W. The change in the nonlinear optical response from combined saturable absorption
and reverse saturable absorption to pure reverse saturable absorption process was observed as the concentration of polymer

increases.

1 Introduction

The optical nonlinearities in nanoparticles (NPs) are of
utmost importance due to its potential applications in nano-
technology, optical signal processing and optical commu-
nication devices [1-6]. NPs exhibit strong surface plasmon
resonance (SPR) due to the reduced dimensionality as com-
pared to the bulk materials. This leads to the giant nonlin-
ear optical response upon interaction with high-power laser
pulses at a frequency close to the SPR due to enhancement
in the local electric field near the surface of NPs. At reso-
nant excitation of optically active materials, the various non-
linear optical processes such as saturable absorption (SA),
reverse saturable absorption (RSA), occurs depending on
the employed laser pulse energy [7, 8]. SA is the process
which occurs in the medium at sufficiently high intensity of
laser pulses, which leads to the depletion of ground state.
This occurs in the optically active medium, where excited
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state absorption cross-section is lower than the ground state
absorption cross-section at the employed wavelength. How-
ever, RSA occurs when excited state absorption probabil-
ity is higher as compared to ground state absorption at the
high intensity of laser pulses, which lead to the multiphoton
excitation depending on the wavelength. The variations in
the shape, size, and optical properties of NPs lead to the
enhanced functionality towards their photonics and biomedi-
cal device applications [9, 10].

Silver (Ag) metal NPs have been thoroughly studied for
the enhanced third-order nonlinear optical properties due to
their SPR characteristics at resonant excitation. The nonlin-
ear optical characteristics of Ag NPs suspensions in different
solvent exhibit optical switching of the SA to RSA at high
power of incident laser pulses [11]. The optical nonlinearity
in NPs depends on the size, which can alter the contribution
of SA and RSA process to overall nonlinear optical response
at the resonant condition. A variety of methods have been
implemented for the synthesis of Ag NPs [12-21]. Among
them, the chemical reduction approach of Ag*ion is most
popular due to its simplicity, low cost and ability to produce
large quantities. In the chemical reduction method, the size
of the NPs can be adjusted by controlling the reaction condi-
tion such as temperature, reducing agent and capping agents
etc. [22]. There are several reports on the effect of reducing
agents and stabilizing agents on the morphology of Ag NPs
using the chemical reduction [23-29]. But there are rarely
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few reports based on the varying concentration of the pro-
tective agent to regulate the size of the NPs [30, 31]. Most
of the studies related to the effect of the protecting agent
were performed for metal NPs doped in polymer metrix
[32-35]. There is a lack of information about the switching
mechanism from SA to RSA process in the presence of poly-
mer. The nonlinear optical response in NPs shows the com-
bined influence of SA and RSA processes depending on the
employed laser parameter. Ag NPs were found to exhibit SA
upon 400 nm excitation, whereas in polymer matrix such as
polyvinylpyrrolidone (PVP) [35], exhibit pure RSA process
at 400 nm. This can provide the possibility to investigate
the role of PVP polymer on the nonlinear optical response
of Ag NPs suspension.

Thus, with this viewpoint, the nonlinear optical properties
of synthesized Ag NPs in deionized water with varying con-
centration of PVP polymer by a chemical reduction method
have been studied using femtosecond laser pulses at 400 nm.
The effect of polymer concentration on the nonlinear optical
characteristics for synthesized Ag NPs is investigated and
discussed in detail.

2 Experimental details

Materials used in the preparation of Ag NPs suspensions
were spectroscopic grade 99.99% pure PVP polymer with
molecular weight M, =40,000 and polymerization num-
ber n=360 (PVP K30), silver nitrate (AgNO;) and sodium
borohydride (SBH). Ag NPs suspension in deionized water
was prepared by chemical reduction of AgNO; from SBH
in the presence of PVP polymer. To prepare Ag NPs in
deionized water, at first, 0.043 g of AgNO; was dissolved in
50 mL deionized water and 0.012 g of SBH was dissolved
in 150 mL deionized water with constant stirring for 30 min.
The 0.1 mL of aqueous AgNOj; solution was gently mixed
into 10 mL of aqueous SBH solution in the presence of PVP
polymer using constant stirring at room temperature. The
mixture was stirred for 30 min, which allow AgNO; and
SBH to react completely in the presence of PVP polymer.
Ag NPs with varying concentration of PVP were prepared
for the measurement of nonlinear optical response, where
final concentration of polymer in Ag NPs suspensions was
achieved to be 0 mg/L (S1), 0.1 mg/L (S2), 0.5 mg/L (S3),
1 mg/L (S4), 2 mg/L (S5) and 3 mg/L (S6). The prepared
Ag NPs with varying strength of PVP were characterized
using UV-Visible spectrometer (Cary Series, Agilent tech-
nologies) and scanning electron microscope (SEM, Hitachi
S-4800).

Nonlinear optical properties of the prepared Ag NPs in
deionized water were measured using conventional open
aperture Z-scan technique [36] at 400 nm. The laser pulse
at 400 nm was obtained by upconversion of 800 nm laser
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pulse from the regenerative amplifier (Spitfire ACE, spectra
physics, 800 nm, 1 kHz), which was seeded by Ti: Sapphire
laser running at 800 nm, 43 MHz. The pulse width of the
femtosecond laser pulse was fixed at 35 fs measured using
a noncollinear autocorrelation technique which was further
confirmed by measurement using commercially available
autocorrelator. The quartz cuvette of 1 mm path length was
used for the measurement of nonlinear optical properties of
Ag NPs suspension. The cuvette containing Ag NPs suspen-
sion was moved across the focal plane of the plano-convex
lens of focal length 400 mm along the beam propagation
direction by mean of the motorized translational stage. The
propagated pulses through sample cuvette containing Ag
NPs suspension were detected using large-area photodiode
(DET100A/M, Thorlabs). Beam diameter of femtosecond
laser pulses at the focus was 72 pm which was measured
using beam profilometer.

3 Results and discussion

Figure 1a shows the optical absorption spectra of Ag NPs
and PVP dispersed in deionized water, where S1 shows
SPR band at 404 nm with sideband at 350 nm. On the other
hand, PVP does not show any absorption in the region
250-800 nm. Figure 1b shows the absorption spectra of pre-
pared Ag NPs with varying concentration of PVP polymer.
As the concentration of PVP increases, SPR associated with
Ag NPs appears at 396 nm which is a blue shift by ~8 nm
as compared to Ag NPs in deionized water in the absence
of PVP.

In addition to SPR bands in Ag NPs, the sidebands in the
region of 500-900 nm also appear. These absorption bands
arise due to the presence of irregular shape and size of the
Ag NPs in deionized water. Under the assumption of Mie
theory, spherical NPs possess single band representing SPR
[37]. Whereas the secondary absorption band between 500
and 800 nm appears due to the presence of non-spherical
NPs [38], which corresponds to the dipole and quadrupole
modes of Ag. This is due to the fact that the discretization
of conduction and valance bands with degeneracy occurs
which depends on their shape and size [39, 40]. It is experi-
mentally and theoretically shown in the literature [41] that
the absorption band in the region of 500-900 nm appears as
the shape of the Ag NPs changes. Another possible reason
for the appearance of a broad absorption band across the
entire visible spectrum could be the aggregation of smaller
size Ag NPs [42]. It was observed that as the concentration
of PVP increases, absorption band in near-IR region for Ag
NPs suspension in deionized water is shifted to the blue
region toward the principle SPR band at 396 nm. This is due
to the influence of the size of the prepared Ag NPs in the
presence of PVP as shown in respective SEM images (see
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Fig. 1 Absorption spectra of Ag NPs in deionized water with varying concentration of PVP polymer, where S1, S2, S3, S4, S5 and S6 represent
the concentration of PVP polymer of 0 mg/L, 0.1 mg/L, 0.5 mg/L, 1 mg/L, 2 mg/L and 3 mg/L, respectively

Fig.2 SEM images of
chemically prepared Ag NPs in
deionized water with a varying
concentration of PVP with their
respective particle size distribu-
tion in insets. a S1, b S2, ¢ S3,
d S4,eS5and £ S6
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Fig. 2). It was observed that as the concentration of PVP
increases, the size of the Ag NPs decreases. Hence, the blue
shift is imminent.

The nonlinear optical properties in Ag NPs in suspensions
were measured using an open aperture Z-scan experiment
at the intensity of 9.3 x 10'° W/cm?. Figure 3a shows the
transmittance profile of the open aperture Z scan trace for S1
which reflects the combined influence of SA and RSA in the
transmittance profile at 400 nm in Ag NPs in the absence of
PVP polymer. The increase in transmittance was observed
as the sample moves towards the focus as shown in Fig. 3a.
It was observed that transmittance started to decrease after
certain z position and change in transmittance shows the
valley around Z=0. A similar trend was observed for the
sample S2, S3, and S4, where polymer concentration was
increased gradually up to 1 mg/L (see Fig. 3b—d). The sam-
ple S5 and S6 show only the RSA process as the concentra-
tion of PVP increases beyond 1 mg/L as shown in Fig. 3e, f.
At the maximum employed pulse intensity of 9.3x 10'° W/

cm?, nonlinear optical response from empty quartz cuvette

and cuvette containing 3 mg/L of PVP in deionize water
were not observed at 400 nm. These results indicate that the
nonlinear optical effects in suspension are only due to Ag
NPs and PVP polymer influencing the size of Ag NPs.

- PloLest y <1 + ly . > W
2\/5(1+x2) Lo (1 +x%)

The nonlinear absorption parameters, I, and g, for Ag
NPs suspensions in deionized water were determined using
Eq. 1 [43], where x = z/z,, I, is the peak intensity of the
laser pulse, I, is the saturation intensity of the optically
active medium which depends on the concentration of the
medium, f is the RSA coefficient, z, is the Rayleigh length
defined as z; = k(wg)/Z, W, is the radius of the focused
beam, L.z=[1 —exp(—ayl)]/a, is the effective length of
the medium, « is the linear absorption coefficient of the
medium. Equation 1 represents the combined influence of

SA,RSA =

Fig.3 Open aperture z scan
traces for chemically prepared
Ag NPs with varying concentra-
tion of PVP polymer at the peak
intensity of 9.3 x 10'© W/cm? at
35fs,400 nm. a S1,b S2, ¢ S3,
d S4, e S5 and f S6. The open
circle and solid line represent
the experimental data and theo-
retical fit, respectively. Error
bar in trace of open aperture
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RSA and SA associated with Ag NPs. The first fraction in
the equation represents the RSA process which is responsi-
ble for the valley in the transmittance profile around focus,
whereas the second fraction represents the formalism of the
SA process, which is responsible for the increase in transmit-
tance over unity. The determined value of / and f for S1
representing Ag NPs in deionized water was 1x10'> W /cm?
and 8.2 x 10712 cm/W, respectively. Whereas the f value
for sample S6 was f# = 7.55 X 1072 cm/W which represents
RSA in Ag NPs with the polymer concentration of 2 mg/L.
The second fraction in Eq. 1 was fixed to 1 while fitting of Z
scan trace for sample S5 and S6, since SA process was not
observed. The obtained nonlinear optical parameters were
found to be consistent with our previously reported Ag NPs
at 400 nm [44]. There are several reports on the transition
from SA to RSA in Ag NPs with the decrease in the size on
or near-resonance condition [45].

For the case of Ag NPs, the presence of SA arises due
to saturation of excited state population through intraband
(occupied sp— unoccupied sp) transition at resonant exci-
tation with reasonable high intensity shown in arrow 1 of
Fig. 4, which results in the photo-bleaching of the ground
state at the employed laser pulse energy. At the same time,
one photon transition probability for PVP polymer is also
possible through ©— nn* transition at 400 nm [42] which
can contribute to the overall SA process shown in arrow 3
of Fig. 4. To validate that there is no influence of PVP at
the optical nonlinearity of Ag NP in suspension at 400 nm,
the nonlinear optical response from 3 mg/L PVP polymer
suspended in deionized water was measured using open
aperture Z scan at the maximum employed fluence, which
shows absence of optical nonlinearity in PVP suspension.
The threshold of SA process in nanoparticle suspension
can increase as the polymer concentration increases, which
possibly occur due to the presence of additional transition
probability in the polymer alongside one-photon transition
in Ag NPs at 400 nm. On the other hand, RSA in Ag NPs
can occur through simultaneous absorption of two-photons
through interband (occupied d — unoccupied sp, see arrow
2 of Fig. 4). However, upon excitation with 400 nm, excited
Ag NPs can transfer its energy to PVP through non-radiative
pathways, which can probably reduce the efficiency of SA
in Ag NPs.

Figure 5a shows the SA intensity and RSA coefficient
as a function of PVP concentration. The pure RSA was
observed beyond the PVP concentration of 1 mg/L. The
variation in RSA coefficients is possibly the effect of size
of the Ag NPs. Figure 5b shows the variation of RSA
coefficient as a function of mean size of the Ag NPs in
suspension, which was determined using respective SEM
images of prepared Ag NPs. It is evident that RSA coeffi-
cient increases as the size of the NPs increases, which was
found to be in good agreement with literature [46]. The
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Fig.4 Schematic of electronic excitation for Ag NPs and PVP in the
water with excitation at 400 nm [44, 47]. The black circular dots rep-
resent the equal population in the lower and upper electronic state
reflecting the absorption saturation in Ag NPs. The solid upward
arrow represents excitation using 400 nm (3.1 eV) and the dotted
downward arrow represents possible radiative transition at a longer
wavelength. Whereas the two-photon transition is represented by
upward dashed arrow. E; represents the energy associated with the
Fermi level in eV for Ag NPs. The blue-colored arrow represents the
non-radiative energy transfer during the relaxation process, which is
known as intersystem crossing whereas green colored arrow repre-
sents the internal conversion in PVP

nonlinear absorption in NPs consists of various processes
such as transient absorption, photo ejection by multi-pho-
ton absorption, interband and intraband transitions and
nonlinear scattering. At the high intensity of laser pulses,
the transient absorption from free carriers becomes sub-
stantial which can be accompanied by the photo ejection of
an electron through the multi-photon absorption process.
Thus, RSA is imminent which can prevail the SA process.
Upon increase of the laser intensity by moving the sample
toward the focus of the focusing lens, TPA processes are
also imminent due to the possibility of multi-photon intra-
band and interband transition in Ag NPs. In the case of Ag,
the energy required for d — sp interband transitions has to
be higher than 4 eV for Ag NPs. Under our experimen-
tal condition, the wavelength of the employed photon is
400 nm which is equivalent to the 3.2 eV. The multiphoton
absorption is possible under the high-intensity regime at
400 nm excitation. Thus, the observed RSA can be directly
attributed to the interband d — sp transition which occurs
in addition to SA process.
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Fig.5 Variation of [, and f§ with varying a concentration of PVP
polymer and b mean size of the nanoparticle at 400 nm, 35 fs

4 Conclusions

We have reported the effect of PVP polymer on the non-
linear optical absorption of Ag NPs in deionized water
using femtosecond laser pulses at 400 nm. It was observed
that the polymer concentration plays a significant role
in nonlinear optical properties of Ag NPs. This study
shows that saturable absorption has a dominating factor
for higher concentration of Ag NPs over the RSA pro-
cess at resonance excitation. It is evident from the non-
linear optical characterization of Ag NPs that NPs pos-
sessing high intensity of saturation absorption has low
RSA coefficient which depends on their size. The I, and
p for Ag NPs in absence of PVP polymer deionized water
were 1 x 10 W/cm? and 8.2 x 1072 cm/W, respec-
tively. Whereas pure RSA with = 7.55x 1072 cm/W
was observed as the concentration of PVP was increased
beyond 1 mg/L. The addition of PVP polymer acts as
inhibitors for the SA process because of the presence of
lower-lying energy states for PVP which can also undergo
one-photon transition at off-resonant excitation at 400 nm.
This study suggest that the material having RSA can also
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be used as an optical limiter to protect optical sensors from
high-power laser pulses.
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