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A B S T R A C T

This paper reports the comprehensive comparative study of absorptive nonlinear optical limiting among metal
nanoparticles, quantum dots, and perovskites using 60 fs, 800 nm laser pulses. The metal nanoparticles include
Al, Ti, Co, Ni, Zn, Ag, Sn, In, W, Au and the quantum dots of Ag2S, and finally the perovskites such as CsPbBr3
and CsPbI2Br. We systematically characterized all materials mentioned above using absorption spectra and
scanning electron microscope. We demonstrate that the light-induced nonlinear absorption leads to optical
limiting. The suspensions of the reported samples demonstrated low threshold of optical limiting, which can be
explained by strong two-photon absorption in these solutions. The gold nanoparticles (10–30 nm) show the
lowest threshold of optical limiting (3.26mJ cm−2).

1. Introduction

The study of optical limiting with metallic nanoparticles has at-
tracted a tremendous amount of attention of due to its increased de-
mand for protection against laser threats to sensors and human eyes.
One major approach is the utilization of nanoparticles as optical lim-
iters. Metal nanoparticles (NPs) and quantum dots (QDs) have attracted
much attention due to their high surface-to-volume ratio and quantum
confinements [1]. These nanocomposites have special nonlinear optical
behavior as compared to the bulk materials. For instance, optical
nonlinearities and optical limiting (OL) effects of the nanocomposites of
the metals can be significantly enhanced by increasing the number
density and low dimensionality of the metal particles [2]. NPs display a
drastic optical extinction due to their nonlinear scattering. Among
metal nanoparticle limiters, gold and silver NPs [1–5] have received
special attention since they both exhibit a broad surface plasmon re-
sonance (SPR) absorption band in the visible region, which is sub-
stantially different from the flat absorption of the corresponding bulk
metals in this region. Nanostructured nonlinear optical materials have
been used as submissive and operative optical limiters to reduce the
optical transmittance of the incident laser radiation by virtue of their
intrinsic optical properties [6–13].

The optical limiting is one of the potential applications of the ma-
terials’ optical nonlinearities. It is mainly aimed at protecting eyes and
sensitive registration devices from damaging. The aim of this paper was
to present the comparative analysis of the optical limiting effect based
on the nonlinear optical characteristics of materials. For preparation of
the liquid solution of NPs, we used a laser ablation technique. Among
the benefits of laser ablation is that it can be performed using both a
pulsed wave and continuous wave lasers, although the former method is
dominant due to higher peak intensities of pulsed lasers. This technique
allows synthesizing pure NPs in colloidal form depending on the purity
of target used for laser ablation, compared to chemical methods. Pulsed
laser ablation in the liquid environment provides a green, safe and ef-
ficient synthesis compared to chemical reduction method. Moreover, it
can be used to synthesize the NPs from the metals with different
hardness and melting point [14]. In case of Ag NPs, we compared the
optical limiting of monodispersed silver NPs suspensions prepared by
chemical reduction and laser ablation techniques [15]. In both cases,
the shape of absorption curves and peak position of surface plasmon
resonances (SPR) were similar to each other. Tutt et al. studied the
optical limiting effect of low dimensional species [16]. They demon-
strated the advantages of the low dimensional carbon nanostructures in
the determination of optical limiting. In our present study, we analyzed
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the optical limiting of NPs suspensions at various sizes, and quantum
dots, perovskite nanocrystals using 800 nm laser pulses of duration 60
fs. Additionally, we demonstrated the advantages of gold NPs as the
optical limiter at 800 nm pulses of duration 60 fs.

The study of OL of laser radiation in various metallic NPs, QDs, and
perovskites opens the possibility of these materials as optical laser
shutters to protect against intense laser irradiation and to investigate
the fundamental properties of nonlinear optical media [17–21]. The OL
mechanisms have different origins. In molecules, the OL mechanism is
governed by reverse saturable absorption (RSA) due to the large cross-
section of excited state absorption. It was observed that two-photon
absorption (2 PA) might responsible for OL in our present study of Al,
Ti, Co, Ni, Zn, Ag, Sn, In, W, Au NPs, Ag2S quantum dots, and CsPbBr3,
CsPbI2Br perovskites.

2. Experimental arrangement

The experimental arrangement for OL is shown in Fig. 1. The sample
(colloidal solutions put in 2mm cuvette) has been scanned along the
focal plane of laser pulses. At the focal point, the sample experiences
maximal pump intensity, which gradually decreases above and beyond
the focus. A lens with focal length of 400mm is used in the present
studies. The OL properties of the mentioned sample suspensions were
characterized by fluence-dependent transmittance measurements using
800 nm laser pulses of duration 60 fs and at a repetition rate 1 kHz
deliver from a Ti: sapphire laser (Spitfire Ace, Spectra-Physics) head.
The measured dimensions of beam waist at focus was ∼38 μm and the
corresponding peak intensities were ∼1011W cm−2.

The reported NPs suspensions were prepared by chemical reduction
and laser ablation methods using different pulse durations and wave-
lengths. In brief, Ag and Au NPs as well as Ag2S QDs (0.375mg/ml),
CsPbBr3 and CsPbI2Br perovskites are prepared by chemical reduction
method. The Al and Ag NPs are prepared by ablation bulk target using
nanoseconds (ns) pulses of wavelength 1064 nm, pulse duration 6 ns, at
pulse energy 2mJ and 5mJ, respectively [15]. Ni, Ti, Co, Zn, Sn, In,
and W NPs were produced during the laser ablation of bulk targets
using 800 nm, 200 ps pulses at pulse energy 550 μJ [14]. The average
time of irradiation was ∼30min in deionized water. Once the colloidal
solution of NPs prepared, the characterizations such as UV visible ab-
sorption spectroscopy (spectrophotometer, Agilent Technologies) and
scanning electron microscopy (SEM) (S-4800, Hitachi) were performed
to obtain their surface plasmon resonance (SPR) bands and morpholo-
gical measurements, respectively. The shape of all the prepared NPs
suspensions is in spherical, except In, which has a cubic shape.

3. Results and discussions

There are two major nonlinear absorption mechanisms employed
for OL namely RSA and 2 PA. The OL that is determined by 2 PA has
many advantages such as (i) negligible linear absorption loss for weak
signal, (ii) extremely fast temporal response, and (iii) retaining high
beam quality of the transmitted signal. Due to these reasons, 2 PA based
devices are suitable not only for OL but also for other applications such
as power stabilization, pulse reshaping, spatial field reshaping, etc.

[22,23]. In our investigation of OL exhibited by the NPs and perovskites
was mostly attributed to the 2 PA at the wavelength of 800 nm. For
some of the NPs at lower and, higher input energies possess the satur-
able absorption (SA) and RSA nonlinear processes. RSA generally arises
in a molecular system when the excited state absorption cross section is
larger than the ground state cross section [24,25]. The process can be
understood by considering a system that is modeled using three vi-
bronically broadened energy levels. The energy level diagram for the
electron dynamics in Ag nanoparticles leading to SA and RSA was re-
ported in Ref. [26].

In this paper, we have demonstrated the optical limiting effect of
various transition (Au, Ag, Ti, Co, Ni, W, Zn) and post-transition (Al, Sn,
and In) metal NPs. Metallic NPs with sizes smaller than the wavelength
of light show strong dipolar excitations which in turn exhibit strongly
localized surface plasmon resonances (LSPR). LSPRs are the non-pro-
pagating excitations of the conduction electrons of metallic NPs cou-
pled to the electromagnetic field. The resonance condition is estab-
lished when the frequency of light matches the natural frequency of
conduction electrons. The surface plasmon resonance is a result of the
interaction between the incident light and surface electrons in a con-
duction band. This interaction produces coherent localized plasmon
oscillations with a resonant frequency that strongly depend on the
composition, size, geometry, dielectric environment and particle-par-
ticle separation distance of NPs. Au and Ag NPs possess strong plas-
monic resonances in the visible region of the electromagnetic spectrum.
The other metal NPs, such as Ti, Co, Ni, W, Zn, Sn and In NPs, possess
LSPR in UV region. The UV-visible absorption spectra are shown in the
following sections.

3.1. Characterization and optical limiting properties of noble metal non-
reactive nanoparticles

In this section, absorption spectra, SEM images and the results of OL
properties of noble metal non-reactive NPs such as Al, Ag, Au NPs, Ag2S
QDs and W, Sn, Zn, and In NPs suspensions are presented. The optical,
nonlinear optical and OL properties of the above mentioned NPs sus-
pensions strongly depend on their morphology. Earlier optical limiting
studies on Au and Ag NPs are reported in Refs. [27,28]. Fig. 2(a–d)
shows the SEM images and size distribution of Ag, Al, and Au NPs,
whereas Fig. 2(e) depicts the TEM image of Ag2S QDs. Fig. 2(g) shows
the absorption spectra for these NPs suspensions. The optical properties
of Ag: chemical, Ag: ablation, Au NPs and Ag2S QDs characteristic
absorption dominated by SPR peaks 400, 402, 527, and 403 for particle
sizes of 13, 8, 17, and 4 nm respectively [Fig. 2(g)]. In case of Ag NPs,
the width and position of SPR were varied as a function of particle size
and shape. As it was pointed out in many studies, the UV absorption
spectra of Ag and Au NPs can be significantly controlled by the para-
meters of nanoparticle preparation methods. Al NPs shows the ab-
sorption SPR bands near to UV region. Fig. 2(h) shows the results of OL
properties of Al, Ag, Au NPs, and Ag2S QDs. When the incident energy
of 800 nm pulses was increased above the limiting threshold, the
transmitted energy approach a steady value. In addition, we have
measured the ratio of linear transmittance with respect to water to the
NPs transmittance (nonlinear attenuation factor (Naf)) before the lim-
iting threshold. OL thresholds (OLT), Naf, size distribution, mean size of
reported NPs suspensions and the corresponding nonlinear processes
are mentioned in Table 1. Ag NPs prepared by ablation has a particle
size distribution i.e. 5–90 nm, range and contains a number of smallest
nanoparticles of mean size 8 nm. Whereas, Ag NPs prepared by che-
mical reduction have size distribution 8–18 nm, at a mean size 13 nm. It
was observed that Ag NPs prepared by ablation possesses higher optical
limitation compared to the chemically synthesized NPs which could be
due to the presence of smallest NPs (∼8 nm) in the colloidal solution of
Ag NPs by laser ablation., Corresponding TEM analysis is shown in
Fig. 2(f). Gold nanoparticles possess high OL properties as compared to
Ag NPs, whereas Al NPs show high OL compared to the Ag NPs. This

Fig. 1. Experiment layout for optical limiting studies. L: laser, 800 nm, 60 fs,
1 kHz, A: attenuator, FL: focal lens, f= 400mm, S: sample, BS: beam splitter,
PM: power meter, PD: photodiode, PC: personal computer, OS: oscilloscope.
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might be due to the concentration of Al NPs is larger than the Ag NPs.
However, the Naf of Al NPs is lower than the Naf of Ag NPs. Among Ag
NPs, ablated NPs have the highest value of Naf (1.17) compared to
chemically prepare one (1.09).

From Fig. 2(h), it is observed that the OL curve for Ag2S, Al NPs, Ag
NPs (ablation) shows similar trends. However, Ag NPs (chemical) show
a similar trend to Ag NPs (ablation) up to 12.6 mJ cm−2, after this value
the output fluence increases. This is probably due to the influence of the
size of NPs which is smaller for the case of Ag NPs prepared from ab-
lation method. Among the Ag NPs (prepared by chemical, ablation) and

Ag2S QDs, even though these colloids have nearly equal SPR peaks
(Fig. 2(g)), Ag2S QDs shows higher OL efficiency increased as compared
to Ag NPs, due to small size distribution of Ag2S QDs [Fig. 2(e)]. Other
reason for the change in the OL profile in the process of saturable ab-
sorption at fluence higher than 23mJ cm−2. This is in good agreement
with the reported value [26,29]. The OL efficiency is increased with
small sized NPs like Ag2S QDs. Au NPs having size distribution range
10–20 nm, mean at 17 nm possess smaller OL threshold (3.26mJ cm−2)
compared to other metal NPs. Also, it might be due to excitation wa-
velength was closer to the Au SPR wavelength as compared SPR bands
of other NPs. The linear dependence input and output pulses were
sustained up to the OL threshold of the fluence of the propagated laser
radiation. The OL threshold for these NPs is comprised in Table 1. The
absence of SPR in Al NPs suspensions as shown in Fig. 2(g) results in the
similar profile OL curves (Fig. 2(h)) of water up to 8mJ cm−2. How-
ever, on a further increase of laser fluence lead to multi-photon ab-
sorption, which could eventually lead to a decrease in the output laser
fluence, which showing the OL behavior. Fig. 3(a–d) shows the SEM
images and size distribution of W, Sn, Zn and In NPs, whereas Fig. 3(e)
indicates the UV absorption spectra. The SPR peaks for these NPs are
located near to 322, 245, 236, and 252 nm, respectively. Among all, Sn
NPs have smallest size distribution lied between 3 and 12 nm, having a
mean size at 8 nm.

Fig. 3(f) shows the OL curves for W, Sn, Zn and In NPs prepared by
laser ablation using ps pulses. Zn and In NPs shows different OL be-
havior (shows the influence of SA beyond the input fluence of
25mJ cm−2) as compared to W and Sn NPs. Consequently, Sn NPs show
higher optical nonlinearity as compared to that of W, Zn, and In NPs
suspensions, due to their small particle size (∼6 nm). The W and Sn NPs
have a lower limiting threshold than the W and Sn (see Table .1).

Fig. 2. SEM images and size distribution (x-axis: diameter (d) of NPs, Y-axis: Number of NPs) of (a) Ag; chem NPs, (b) Ag: ablation NPs, (c) Au NPs, (d) Al NPs. TEM
image of (e) Ag2S QDs, and (f) Ag: ablation NPs, (g) UV absorption spectra, and (h) optical limiting of Ag, Au and Al NPs suspensions in water and Ag2S QDs.

Table 1
OL thresholds, nonlinear attenuation factors (Naf) and responsible nonlinear
optical processes.

NPs NPs SD (nm) Mean (nm) OLT (mJ cm−2) Naf NP

Nonmagnetic NPs
Ag: chemical 8–18 13 16.5 1.09 2 PA + SA
Ag: ablation 5–90 8 12.1 1.17 2 PA
Au: chemical 10–30 17 3.26 1.39 2 PA
Al: ablation 10–150 35 7.33 0.87 2 PA
W 4–22 8 13.4 1.75 2 PA
Sn 3–12 7 12.4 2.07 2 PA
Zn 5–30 20 18.8 1.36 2 PA + SA
In 20–120 50 16.8 1.74 2 PA + SA
Magnetic NPs
Ni 15–250 96 10 1.35 2 PA
Ti 25–250 125 7.6 1.07 SA
Co 5–200 90 8 1.99 2 PA
QDs and perovskites
Ag2S QDs 3–6 4 10.2 2 PA
CsPbBr3 6.2 2 PA + SA
CsPbI2Br 13.2 2 PA
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3.2. Characterization and optical limiting in Ni, Ti and Co nanoparticle
suspensions

Fig. 4(d) demonstrates the UV-visible absorption spectra of Ti and
Co NPs ablated in water. The Ti NPs have characteristic absorption
surface plasmon resonance (SPR) peak at ∼280 nm. Ti NP suspension
initiates to absorb at ∼500 nm. Previously, Barmina et al. reported that
Ti NPs have an absorption peak at 530 nm while ablating by 355 nm,
150 ps pulses in water [30]. It was shown earlier that the Ti NPs change
their SPR in the case of different composites of materials [31,32]. The
synthesis of pure titanium nanoparticles in liquid by laser ablation
method is not a simple task, because titanium is an active material. For
the preparation of pure titanium NPs one has to add a surfactant, such
as a polyvinylpyrrolidone which prevents the aggregation of titanium
nanoparticle with oxide in water solution. The self-aggregation process
of TiO depends on the type of liquid in which ablation carried out. In
the case of ablation of Ti target in dichloroethane, the formation of TiC
was demonstrated in Ref. [33]. In our case, we used fresh ablated
suspension for study the optical limiting effect in pure Ti NPs. We also
carried out the measurements of the nonlinear optical parameters of Ti
NPs using Z-scan technique [34]. We used the suspension prepared just
after laser ablation of pure Ti target in water. The LSPR for pure Ti NPs
was observed at the wavelength of 280 nm.

The Co NPs in water shows some absorption peaks at 400 nm and
700 nm, respectively. Earlier studies demonstrated that some contra-
dicting results on the position of SPRs of Co NPs, which probably can be
attributed to different methods of NP formation and different spatial
shapes of these small-sized species [35,36]. The absorption spectra of Ni

NPS shows strong absorption near to 200 nm with the beginning of the
broad absorption bands around 400 nm. Earlier, several efforts have
been made for explanation of the appearance of the absorption band at
400 nm, which as assigned to the SPR in Ni NPs [37,38]. It has been
explicitly shown the presence of two absorption bands in Ni NPs ab-
sorption spectra centered at 345 nm and 217 nm which were assigned
to the SPR of Ni and interband d–d transition in Ni, respectively.
Fig. 4(a–c) shows the SEM images and size distributions of the Ni, Ti,
and Co NPs, the corresponding size distribution of lied between
30–200, 30–250, and 50–200 nm range at the mean size of 75, 125 and
90 nm, respectively.

Fig. 4(e) shows the results of OL properties of Ni, Ti and Co NPs. Ti
and Co NPs in water shows high OL limiting properties compared to Ni
NPs. The transmittance of Ni NPs suspension remained unchanged up to
the input fluence of 10mJ cm−2. Then the transmittance decreased
upon the increase of input fluence above OL threshold. This observation
led to a conclusion that, at the higher input fluence or intensity, the NPs
suspension exhibits 2 PA. Similar to the Ni NPs, Co NPs possess 2 PA,
whereas Ti NPs show SA in deionized water at a lower fluence of
800 nm pulses. However, the Ti NPs show comparatively higher OL
property compared to Ni NPs and similar response with the Co NPs. The
OL thresholds for Ni, Ti and Co NPs in water are 10, 7.6 and 8mJ cm−2

respectively. Ti and Co NPs in water show higher nonlinearity com-
pared to Ni NPs.

Fig. 3. SEM images and size distribution of (a) W NPs, (b) Sn NPs, (c) Zn NPs, (d) In NPs. (e) UV absorption spectra, and (f) optical limiting curves for Zn, Sn, In, and
W NPs suspensions.
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3.3. Characterization and optical limiting in CsPbBr3, and CsPbI2Br
perovskite nanocrystals

Fig. 5(a and b) shows the SEM images, Fig. 5(c) show the UV-visible
absorption spectra of CsPbI2Br and CsPbBr3 perovskite nanocrystals.
The rise in the absorption initiated in the case of CsPbI2Br and CsPbBr3
is 650 nm and 530 nm, respectively. These perovskite nanocrystals
possess the cubic shape, CsPbI2Br having the smaller size compared to
CsPbBr3 is shown in Fig. 5(a and b). The OL behavior of perovskites
nanocrystals is high compared to the pure toluene (Fig. 5d, open

triangles). However, QDs (Ag2S QDs, Fig. 2(h)) having higher OL
property compared to perovskite nanocrystals (Fig. 5(d)). The OLT of
Ag2S QDs is 10.2 mJ cm−2. CsPbI2Br and CsPbBr3 perovskites have 6.2
and 13.2 mJ cm−2 thresholds, respectively. It was observed that under
higher laser fluence CsPbBr3 has the highest value of OLT, even though
it has higher volume of nanocrystal. OL in the case of CsPbI2Br shows
conventional behavior compared to CsPbBr3. Up to laser fluence of
12.5 mJ cm−2 the OL curve of CsPbBr3 is similar to CsPbI2Br. Beyond
the laser fluence 12.5 mJ cm−2, the effect of saturation of 2 PA was
observed in case of CsPbBr3. However, under high laser fluence CsPbBr3

Fig. 4. SEM images and size distribution of (a) Ni NPs, (b) Ti NPs, (c) Co NPs. (d) UV absorption spectra, (e) optical limiting curves for these NPs suspensions.

Fig. 5. SEM images of (a) CsPbI2Br (b) CsPbBr3. (c) UV absorption spectra, and (d) optical limiting in CsPbBr3 (upper open triangles) and CsPbI2Br (lower open
triangles) perovskites and pure toluene (open squares).
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shows high OL behavior. The 2 PA in metal NPs, Ag2S QDs and per-
ovskites is known to be accompanied by the formation of free carriers,
which also contribute to the nonlinear character of light propagation in
these media. The interaction of the propagating radiation with these
newly formed charge carriers can result in self-defocusing. One should
distinguish the third-order nonlinearities caused by cumulative pro-
cesses of absorption and free carrier generation from those caused by
electronic processes.

The perfect OL materials should have a high transmission for low
energies of radiation and limited transmission for higher energies. Since
the optical limiters are based mainly on two effects, 2 PA and RSA, the
real conditions of their application become the determining factor. The
2 PA is a function of the radiation intensity, while the RSA depends on
the energy density of radiation. Thus, if one needs to limit the femto-
second, as well as the picosecond, radiation, the 2 PA is preferable and,
conversely, materials exhibiting the RSA will be more efficient if one
needs to limit longer pulses i.e. nanosecond to microsecond radiation
[39].

4. Conclusions

The comparative study of absorptive optical limiting properties of
Al, Ti, Co, Ni, Zn, Ag, Sn, In, W, Au NPs and Ag2S quantum dots as well
as CsPbBr3 and CsPbI2Br perovskites carried out by 800 nm pulses of
duration 60 fs has been reported. It was observed that the nanoparticles
with small sizes possess the strong optical limiting properties com-
paratively. The magnetic NPs and perovskites nanocrystals show com-
paratively higher nonlinear absorption coefficients, which can also be
used for optical limiting. Among the reported NPs, QDs and perovskites,
Au NPs, Sn NPs, Ag2S QDs, and CsPbBr3 show the higher optical lim-
iting properties.
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