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(Received 16 April 2011; final version received 16 May 2011)

The results are presented from the experimental picosecond nonlinear optical (NLO) studies of gold
nanoparticles synthesised using coriander leaf (Coriandrum sativum) extract. Nanoparticles with an average
size of �30 nm (distribution of 5–70 nm) were synthesised according to the procedure reported by Narayanan
et al. [Mater. Lett. 2008, 62, 4588–4591]. NLO studies were carried out using the Z-scan technique using 2 ps
pulses near 800 nm. Open-aperture data suggested saturation absorption as the nonlinear absorption mechanism,
whereas closed-aperture data suggested a positive nonlinearity. The magnitude of third-order nonlinearity was
estimated to be (3.3� 0.6)� 10�13 esu. A solvent contribution to the nonlinearity was also identified and
estimated. A comparison is attempted with some recently reported NLO studies of similar gold nanostructures.
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1. Introduction

Synthesis, physical, and optical characterisation of

gold nanostructures in general, and gold nanoparticles

(AuNP) in particular, has attracted extensive attention

over the last decade due to their potential applications
in a variety of fields, ranging from bio-sensing, drug

delivery, and opto-electronics to cancer therapy [1–5].

Although a gamut of chemical synthesis methods exists

for producing metal nanoparticles, the majority of the
reactants and initial materials used in these reactions

are toxic and potentially hazardous. Currently there is

an escalating concern leading to the necessity for

developing environmentally benign nanoparticles syn-
thesis procedures that do not use toxic chemicals in

protocols to avoid adverse environmental effects.

Synthetic methods based on naturally occurring bio-

materials provide an attractive alternative and envir-
onmental-friendly means. Recently, several groups

have successfully achieved the synthesis of Ag, Au,

and Pd nanoparticles using extracts obtained from

unicellular organisms such as bacteria [6–9], fungi [10],
and plant extracts [11–13]. Our group has been

successful, through our recent experimental efforts, in

synthesising silver nanoparticles using simple and bio-

inspired method using the leaf broth of Coriandrum
sativum andMoringa oleifera, for the first time, as both

the reducing and stabilising agent [14,15]. Significantly,

no other chemical reducing agent was used in the

synthesis. The reaction was carried out in an aqueous

solution and in a process that is benign to the
environment. We had performed nonlinear optical
(NLO) studies using nanosecond pulses and observed
strong nonlinear optical coefficients and good optical
limiting thresholds in both the cases. The NLO
properties of diverse nanostructures, in general, and
metallic nanoparticles, in particular, have been studied
extensively due to the tremendous potential attached to
them in biological imaging. The optical nonlinearity of
nanomaterials varies with size, shape, distribution,
host environment, etc., and rapid synthesis routes
provide an excellent opportunity to understand and
thereby control their physical, optical, and NLO
properties [14–26]. Herein we present the picosecond
(ps) nonlinear optical properties of gold nanoparticles
near 800 nm studied with the Z-scan technique and
synthesised using Coriandrum sativum (coriander;
family Apiaceae) leaf extract [12]. Studies with ps or
shorter pulses provide us with the necessary informa-
tion on their figures of merit for all optical switching
and optical signal processing applications.

2. Experimental

The procedure for synthesising AuNP was similar to
the one reported recently [12]. Briefly, 20 g of fresh
coriander leaves were washed thoroughly with double
distilled water (DDW) and added to 100ml of boiled
sterile DDW for 5min and filtered. The extract was
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stored at 4�C for further experiments. The filtrate was
used as reducing and stabilising agent for 1mM of
HAuCl4 (99.99%, Sigma-Aldrich). The leaf extract
(1.5ml) was added to 30ml of 10�3M HAuCl4
aqueous solution and kept at 33�C. After 1 h the
colour of solution changed from colourless to purple
completely, indicating the formation of AuNP and the
stabilisation was completed after three hours. The
nanoparticles solution was collected and monitored by
periodic sampling of aliquots (5ml) of aqueous com-
ponent and measuring the UV–visible spectra of
solution.

Z-scan measurements [27] were performed using an
amplified Ti:sapphire laser system (Legend, coherent)
delivering nearly transform-limited pulses of �2 ps
(FWHM) and repetition rate of 1 kHz at 800 nm. The
amplifier was seeded with �15 fs (55–60 nm FWHM)
pulses from an oscillator (Micra, coherent, �1W
average power, 80MHz repetition rate, 800 nm).
Typically, laser pulses with 3–8mJ energy were used
for the experiments. The beam was focused using
200mm focal length lens into the sample which was
placed in 1mm path length quartz/glass cuvettes. The
beam waist at focus was estimated to be 30� 1 mm with
a corresponding Raleigh range of 3.5� 0.2mm.
Typical peak intensities used for both closed- and
open-aperture scans were in the 1–10� 1010W/cm2

range. The transmitted light was collected using a
calibrated power meter and the sample movement was
manually performed using a translation stage.

3. Results and discussion

Figure 1(a) shows the absorption spectra of AuNP
solution monitored at different times. After three hours
the colour change was permanent and absorbance of
the nanoparticles remained constant. The peak near
536 nm in the absorption spectrum clearly confirms the

formation of nanoparticles. Figure 1(b) shows a typical

bright-field TEM micrograph of the synthesised
AuNP. It is evident that most of the gold nanoparticles
were spherical in shape, although triangular, truncated
triangular, and decahedral morphologies along with

some elongated nanoparticles were also observed [12].
The particle size varied from 5 to 70 nm and the
average size was estimated to be �30 nm. The slight
differences in (a) time taken for nanoparticles forma-

tion, (b) particle distribution, and (c) the average size,
compared to the earlier study [12], could be attributed
to the quality of coriander leaves (key components)
available in different places. The crystalline nature of

AuNP was confirmed from the X-ray diffraction
analysis. An FTIR spectrum recorded with freshly
prepared solutions was similar to the reported spec-
trum [12]. We checked the reproducibility of the

nanoparticles by synthesising them over a period of
one week on a daily basis (with fresh coriander leaves
solution prepared) and the results of absorption
spectra combined with SEM data confirmed the

formation of nanoparticles each time with similar
results.

Figure 2(a) and (b) illustrate the closed-aperture
data for AuNP 1 h 45min (designated as solution A)
and AuNP 3 h solutions (designated as solution B),

respectively, recorded with a peak intensity of
25GW/cm2. Open triangles represent the experimental
data, whereas the solid curves are theoretical fits. Open
circles represent the data recorded for pure distilled

water. The Z-scans were recorded for the pure corian-
der solution too and the data did not reveal any
difference from the pure water curve. Therefore, we
separated the contribution arising from the solvent and

estimated the n2 for AuNP to be (6� 1)� 10�15 cm2/W
for solution A and (7� 1)� 10�15 cm2/W for
solution B. To obtain the nonlinear absorption coef-
ficient (�) the experimental data were fit to the

Figure 1. (a) Absorption spectra of the AuNP solution monitored at different times. Stable nanoparticles were formed after 3 h.
(b) TEM image of the AuNP solution after 3 h. (The colour version of this figure is included in the online version of the journal.)
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expression for the normalised transmittance of an open
aperture Z-scan [28]:

TOAð2PAÞ ¼ 1�
�I0Leff

23=2ð1þ z2=z20Þ
, ð1Þ

where z is the sample position, z0¼�!
2
0/� is the

Rayleigh range, !0 is beam waist at focus, � is
wavelength, I0 is the peak intensity, and � is the
nonlinear absorption coefficient. The effective optical
path length is defined as Leff ¼

1�expð��0LÞ
�0

, where �0 is
linear absorption coefficient.

Figure 2(c) and (d) depict the open-aperture scans
for solutions A and B, respectively, recorded with a
peak intensity of 50GW/cm2. It is evident that
saturable absorption (SA) was mainly associated with
a nonlinear absorption mechanism. Water and corian-
der leaves extract did not reveal any nonlinear
absorption, as confirmed through separate open-
aperture Z-scans. From the fits to experimental data
(using Equation (1)) we estimated � to be 0.125�
0.02 cm/GW for solution A and 0.14� 0.02 cm/GW for
solution B. The fitted values remained constant for
measurements on solutions obtained after 3 h, again
indicating the complete formation and stabilisation of
nanoparticles. The values of real part, imaginary part,
and total magnitude of �(3) were estimated from
standard equations [28] to be (3.0� 0.5)� 10�13 esu,
(6� 0.9)� 10�14 esu, and (3.3� 0.6)� 10�13 esu,
respectively. These values were obtained for solutions

with 1mM concentration. These values were repro-
ducible, within the experimental errors, with synthe-
sised samples from different batches (different days).

Figure 3 shows the open-aperture scans at higher
peak intensities (475W/cm2) and the behaviour clearly
switched from SA to reverse SA (RSA) type near the
focal region, which could be attributed to absorption
from the higher excited states. The RSA obtained has
been confirmed to be not from laser-induced damage
of the nanoparticles by recording the absorption
spectra before and after the Z-scan has been per-
formed. Similar behaviour has also been observed by
other groups [17]. This phenomenon is being investi-
gated further. The measurements were repeated for the
same solutions after one month and the nonlinear
coefficients obtained were within the experimental
errors, indicating the stability of the nanoparticles.
We also confirmed the NLO coefficients obtained
for nanoparticles achieved from different batches of
synthesis were within the experimental errors men-
tioned above.

Several NLO studies [17–26,29–35] have been
reported in the literature on different gold nanostruc-
tures and we attempt to compare these with the results
obtained in this study (see Table 1). The absorption
spectrum of AuNPs synthesised by us clearly demon-
strates a low absorbance value at 800 nm. There is a
possibility of a weak, second SPR peak appearance
(probably due to the presence of few elongated

Figure 2. (a, b) Closed-aperture Z-scan data for 1 h 45min and 3 h solution, respectively; (c, d) open-aperture data. (The colour
version of this figure is included in the online version of the journal.)
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nanoparticles) in the absorption spectrum for our
AuNPs similar to the observations made by Elim et al.
for their gold nanorods [22]. They detected a weak
resonance at 800 nm in their gold nanorods and
therefore observed SA which, changed into complete
RSA at higher peak intensities. The observed SA
behaviour in our case could be due to bleaching of the
ground state surface plasmon band. Due to the
limitations in our absorption spectrometer we could

not record the spectra beyond 800 nm. Lee et al. [17]
reported femtosecond NLO properties of gold nano-
cubes (65 nm) and nanooctahedra (49 nm) and
observed SA with �60 fs pulses (800 nm) at lower
peak intensities (10–12GW/cm2) with magnitudes of
0.16 and 0.244 cm/GW. They argue that the 800 nm
excitation is located at the edge of surface plasmon
band of nanocubes and nanooctahedra. SA observed
in their case was due to the bleaching of the ground
state plasmon band, similar to our results. The slight
differences in peak intensities where they observed
RSA compared to ours lies in the shape and size
distribution of the nanoparticles. Ros et al. [18]
observed SA in gold nanoshells (60–100 nm) with
170 fs (806 nm) pulses and recorded a � value of
0.03–0.07 cm/GW. Boni et al. [19] observed SA type
of nonlinear absorption and achieved a � value of
0.1–0.7 cm/GW for gold nanospheres (�16 nm) at
different wavelengths (500–600 nm), some of which
were close to resonance. Li et al. [20] studied gold
nanoparticles (70–170 nm) functionalised with �-con-
jugated polymer using ns pulses and observed switch-
ing kind of behaviour within the SA signature of an
open-aperture scan. They estimated � to be �0.152 cm/
GW along with the presence of higher nonlinearities.
Reji et al. [21] studied gold nanoparticles (�3 nm) with
35 ps pulses (532 nm) and observed that ground-state
plasmon bleach led to SA. Elim et al. [22] observed SA
in gold nanorods (aspect ratio of 3.8) with �220 fs

Table 1. Summary of the nonlinear coefficients from various studies in gold nanostructures.

Samples Pulse details Nonlinearity Reference

Gold nanocubes (65 nm) �60 fs, 800 nm �¼ 0.16 cm/GW [17]
Gold nanooctahedra (49 nm) �¼ 0.244 cm/GW
Gold nanoshells (60–100 nm) �170 fs, 806 nm �¼ 0.03–0.07 cm/GW [18]
Gold nanospheres (�16 nm) �15 ps, 450–750 nm �¼ 0.1–0.7 cm/GW [19]
Gold nanoparticles (70–170 nm) �4 ns, 532 nm �¼ 0.152 cm/GW [20]
Gold nanoparticles (�3 nm) �35 ps, 532 nm saturable absorption [21]
Gold nanorods (aspect ratio 3.8) �220 fs, 800 nm �¼ 1.5 cm/GW [22]
Gold colloids (�12 nm) �25 ps, 532 nm �¼ 10 cm/GW [23]
Silver nanoparticles (�26 nm) �6 ns, 532 nm �¼ 72.5 cm/GW [14]
Gold nanostructures (�5 nm) �35 ps, 532 nm �3� 2� 10�13 esu [26]
Gold nanoparticles array (�16–18 nm height) �50 fs, 800 nm �¼ 1300 cm/GW [33]
Gold nanoparticles array
(160 nm, 300 nm, 600 nm, 820 nm)

�50 fs, 800 nm �¼ 0–54 cm/GW [34]

Gold nanoparticles in TiO2 �40 ps, 1064 nm �3� 10�8 esu [35]
Gold nanoparticles (�4 nm) �35 ps, 1064 nm Re�3� 2� 10�13 esu [27]

n2� 1.6� 10�14 cm2/W
Oleylamine-capped gold
nanoparticles (�7–10 nm)

�300 fs, 780 nm �¼ 0.097 cm/GW [29]

Gold nanoparticles (�30 nm) �2 ps, 800 nm �¼ 0.14� 0.02 cm/GW This work
n2¼ (7� 1)� 10�15 cm2/W
Re�(3)¼ (3.2� 0.5)� 10�13 esu
Im�(3)¼ (6� 0.9)� 10�14 esu
�(3)¼ (3.3� 0.6)� 10�13 esu

Figure 3. Open-aperture data of AuNP 3 h solution at a peak
intensity of 75GW/cm2 indicating RSA within SA. (The
colour version of this figure is included in the online version
of the journal.)
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pulses and obtained � to be �1.5 cm/GW. However,
there was a second absorption peak at 800 nm for their
elongated structures making that a resonant excitation
study. Shen et al. [23] reported NLO studies on gold
colloids (�12 nm) in polymer PVP and obtained a
nonlinear coefficient of �10 cm/GW. They too
observed a positive nonlinearity as in our case.
Though they used 25 ps pulses the excitation was at
532 nm, close to resonance, and the presence of
polymer could have contributed to the high nonlinear-
ity (10�10 esu) observed. Kai et al. [33] studied periodic
triangular-shaped Au nanoparticles array fabricated
on a quartz substrate using �50 fs, 800 nm pulses and
observed SA with different peak intensities. Wang et al.
[34] demonstrated saturable absorption for larger size
gold nanoparticles (70 nm, 140 nm, 190 nm sizes) array
which switched to RSA for smaller sizes (37 nm) and
argued that with large sized particles intraband
contribution ascribed to the SA process becomes
dominant though the absorbance at 800 nm was very
weak. Cui et al. [35] also demonstrated SA behaviour
for AuNP dispersed in TiO2 thin films. Our recent
studies [14] on silver nanoparticles synthesised using
similar techniques resulted in a � value of �72 cm/GW
obtained with 6 ns pulses. Couris et al. [24] reported
�(3) values for gold nanostructures (5 nm) in polymers
to be �2� 10�13 esu examined with 35 ps pulses. Zhan
et al. [27] estimated n2 and Re �(3) of protected gold
nanoparticles (�4 nm) to be �1.63� 10�14 cm2/W and
�2.69� 10�13 esu, respectively, with 35 ps pulses at
1064 nm. The negative sign obtained in their case could
be attributed the distinctions in solvent used and the
size of nanoparticles. Polavarapu et al. [29] studied the
nonlinear optical properties of oleylamine-capped
AuNP (�7–10 nm) using �300 fs pulses near 780 nm
and obtained a NLO coefficient � of �0.07 cm/GW.
Souza et al [30] reported n2 values of �2.33�
10�14 cm2/W for AuNP with sizes of �15� 5 nm
(using �200 fs, 800 nm pulses) for a fill factor of
23.1� 10�5.

From Table 1, which summarises the NLO mea-
surements and coefficients obtained in various gold
nanostructures, it is evident that the nonlinearity
depends stringently on (i) pulse duration, (ii) wave-
length of excitation, (iii) particle size, (iv) particle
shape, and (v) the environment in which the particles
are present. The values obtained with our AuNPs are
comparable to those reported recently and there is
scope for further improvement in improving/enhancing
the nonlinearities through a systematic study involving
the size and shape control. Our future studies will focus
on (a) controlling the size/shape of these nanoparticles
through use of different concentrations of the leaf
extract, growth at different temperatures, and different
environments, etc, (b) examining the performance of

nonlinearity versus these physical properties, (c) stabi-
lising these nanoparticles in a polymer matrix, and (d)
nanosecond optical limiting [31,32] and femtosecond
time-resolved studies to identify the potential of these
molecules for optical limiting and switching applica-
tions in respective time domains.

4. Conclusions

In conclusion, we have studied the picosecond NLO
properties of gold nanoparticles synthesised using
coriander leaf extract. The solvent (distilled water)
contribution was identified, estimated, and then
decoupled from the overall magnitude of nonlinearity.
A strong positive nonlinearity from the closed-aperture
data and saturable absorption behaviour from the
open-aperture data was inferred. The observed magni-
tude of nonlinearity was on par or better than some of
the gold nanostructures studied recently.
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