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Metal nanoparticles (MNPs) hold great technological promise because of the possibility of engineering their

electronic and optical properties throughmaterial design. One of the effectivemethods to fabricateMNPs is

ion implantation. In this review, recent results on the nonlinear optical properties of nanoparticles (including

copper, silver, gold, and bismuth nanoparticles) doped in various bases have been discussed. Some specific

optical nonlinear properties, such as nonlinear refraction, two-photon absorption, and optical limiting, for

femtosecond, picosecond, and nanosecond laser pulses have also been covered. In addition to ion

implantation, we have summarized several other methods for the preparation of composite materials,

and Z-scan has been used to study the nonlinear optical properties of these materials.

1 Nonlinear optical properties
1.1 Introduction

1.1.1 Theory of nonlinear optics. Nonlinear optics is one of

the sub-disciplines of modern optics, with an important

academic status on a par with laser physics. Nonlinear optics

studies involve various kinds of nonlinear effects that occur in

the interaction between laser and matter.1,2 The research object

of nonlinear optics mainly involves the new phenomena and

new effects in the interaction process of strong laser radiation

and materials, including an in-depth understanding of the

causes and the process regularity and exploration of their

possible applications in the current or future development of

disciplines. The interaction of a laser with a nonlinear optical

material causes a modication of the optical properties of the

material system, such that the next photon that arrives realizes

a different material.3 Typically, only laser light is sufficiently

intense to generate the nonlinear optical phenomena; there-

fore, the beginning of this research eld is oen considered to

be since the discovery of second-harmonic generation by

Franken et al. in 1961,4 one year aer the construction of the

rst laser by Maiman.5 Although the observation of most

nonlinear optical phenomena required laser radiation, some

classes of nonlinear optical effects were known long before the

invention of the laser. The most prominent examples of these

phenomena include Pockel's and Kerr electro-optic effects.6 The

theory of nonlinear optics is based on the well-understood

theory of linear optics, particularly on the part covering the

interaction of light and matter.

Some important formulas describing ordinary optical

phenomena oen exhibit mathematical linear characteristics.

For example, to explain the refractive index, scattering, and

birefringence of the medium, an important physical mass-

dielectric polarization vector P was introduced, and it was

speculated that it had a simple linear relationship with the

incident wave eld E, that is

P ¼ cE (1)

where the coefficient c is the electromagnetism of the medium.

To make a perfect interpretation of the effects of optical

secondary harmonics, third harmonic and rectication effects

were observed in a series of media. In this regard, it is necessary

to speculate that under the action of an intense laser, the

dielectric strength of the medium is no longer linearly related to

the intensity of the incident light eld, but rather a more

general power relationship (including the nonlinear compo-

nent, which is proportional to the high power of the eld) must

be applied. That is

P ¼ c
(1)E + c

(2)EE + c
(3)EEE +. (2)

where c
(1), c

(2), and c
(3) are the primary (linear), quadratic

(nonlinear), and cubic (nonlinear) polarizabilities of the

medium, respectively, and in general, they are the coefficients of

the tensor form. By substituting the abovementioned expres-

sion of the electrode polarization into the Maxwell equation and

utilizing a set of nonlinear electromagnetic wave equations with

high order wave eld strength, multiplier radiation can be

generated when a single frequency of light is incident on

a particular medium; when a variety of different frequencies of

light are simultaneously incident, they can couple with each

other through the media; then, a mixed radiation is generated

at the new frequency. From the viewpoint of this new nonlinear
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electrication effect, some of the effects discovered at this time

and some new effects (such as optical parametric amplication

and the oscillation effect,7 the self-focusing effect,8 and the

stimulated scattering effect9) discovered later are collectively

referred to as nonlinear optical effects.

1.1.2 Application of nonlinear optics. The rapid develop-

ment of nanoscience and nanotechnology has provided

a number of new opportunities for nonlinear optics. A growing

number of nanomaterials have been shown to possess remark-

able nonlinear optical properties (NOPs); this promotes the

design and fabrication of nano and nano-scale optoelectronic

and photonic devices. Nonlinear optics is widely used in many

elds such as in laser technology, light aspects of communica-

tion, information and image processing and storage, and optical

computing. Since nonlinear optics has been widely used in these

areas, nonlinear optics has a great value and far-reaching scien-

tic signicance.

In the last two decades, a variety of studies have been per-

formed on the NOPs of novel materials because of the potential

of these materials in optical device applications,10 and novel

materials with enhanced nonlinearities need to be identied.11 It

was thought that many nonlinear effects could only be observed

on the bulk scale, but researchers showed that some nonlinear

effects could occur at the nano-scale. As is known, nonlinear

optical nanomaterials have a potential to enhance the efficiency

and extend the applications of this technique inmany new device

applications such as in the areas of communications,12 optical

devices,13 biosensors, and imaging. Nanomaterials with large

nonlinear responses can be used as contrast agents in nonlinear

microscopy,14 photocatalysis, and optical limiting applications.15

In the past two decades, efficient nonlinear optical materials

have made signicant progress in laser technology, and these

materials have large nonlinear optical properties and a fast

nonlinear response for various photonic and optoelectronic

applications such as laser ablation, pulsed laser deposition,

optical communication, optical information processing, and

optical data storage and as optical limiters.16–21 Optical limiting

is one of the most promising practical applications of all

nonlinear optical properties and can be used to protect the

human eye and photosensitive components of delicate optical

instruments from damage caused by intense optical radiation.22

Optical limiters strongly attenuate a potentially dangerous laser

beam while exhibiting a transmittance to low ambient light.23

Some of the materials used for nonlinear optical limiting

applications are GaSe, CdSe, AgAsS3, and LiIO3, which have

utility for different applications.24 In addition, electro-optic

crystals, such as LiNbO3, BaTiO3, and KNbO3, have major

potential for nonlinear optical limiting applications.25

The search for new nanostructured materials is one of the

dening characteristics of modern science and technology.26

New nanostructured materials can be used to fabricate many

devices such as new mechanical, electrical, magnetic, chemical,

biological, and optical devices. This review summarizes the

advances, such as the development of nonlinear optical random

metal–dielectric and metal–semiconductor composites based

on metal nanoparticles (MNPs) synthesized by ion implanta-

tion,28 made in optical science and technology in recent years.27

While seeking and developing new technologies for the

synthesis of nanoparticles, substantial practical efforts are

made to control the size of the MNP. This is because different

applications require different optical properties, and the optical

properties are determined by the size of the MNP. In this

context, ion implantation nanotechnology allows the fabrica-

tion of materials with almost any MNP structures, types of

metals, and their alloys29 and opens up a new way for the

fabrication of nanomaterials with the required properties. The

electromagnetic properties of these composites are very special,

and these composites are very different from the ordinary bulk

materials because they may become even more important in the

drive towards the miniaturization of electronic and optoelec-

tronic components.

Nonlinear optics plays a key role in the realization and

development of many photon technologies, and it can be used

to process the optical signal information at enhanced speed.

Novel nonlinear optical materials with an ultrafast response

time, high resistance to bulk and surface laser damage, and low

two-photon absorption have been fabricated, and large optical

nonlinearities are critical for their implementation in many

applications. Nonlinear materials with these characteristics are

also widely used in waveguide applications.

With the development of waveguide media with intensity-

dependent refractive indices, optoelectronic devices can be

converted into all-optical congurations. A huge enhancement

of the nonlinear optical response in random media with MNPs

is oen associated with optical excitation of the surface plas-

mon resonances (SPR) that are collective electromagnetic

modes and strongly dependent on the geometry structure of the

composite medium.30 Therefore, MNP-containing transparent

dielectric and semiconductor materials can be effectively used

in new integrated optoelectronic devices.

Although both the classical and quantum-mechanical effects

in the linear optical response of MNP composites have been

studied for decades, the rst experimental results on the

nonlinear optical effects in MNPs in ruby-glass have been ob-

tained quite recently by Ricard et al. in 1985.31 The ability to

create nonlinear optical elements with MNPs for application in

all-optical switching and computing devices has generated

signicant interest, and consequently, various studies have been

directed at the preparation of composite materials. In practice, to

make a composite material in the SPR spectral region, a strong

linear absorption is required; thus, attempts are being made to

improve the concentration of the MNPs. When all the other

parameters of the composite are the same, a systemwith a higher

ll factor will have a higher nonlinear susceptibility.

1.2 Z-Scan technique

In 1989, Sheik-Bahae et al.32 proposed a new method for

measuring the nonlinear refractive index of nonlinear optical

materials. Themethod was characterized by high sensitivity and

single-beam measurement. Since the test sample is required to

move along the direction of the optical axis, the method is

referred to as the Z-scan method. In 1990, Sheik-Bahae et al.33

applied this method to the nonlinear absorption coefficient of

45130 | RSC Adv., 2017, 7, 45129–45144 This journal is © The Royal Society of Chemistry 2017
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a measurement material. In 1992, Sheik-Bahae et al. proposed

a two-color Z-scan method and applied it to measure non-

degenerate nonlinear and non-degenerate nonlinear two-

photon absorption coefficients. Within a short time period,

the Z-scan technology has continuously improved, and it has

been tested and studied in other aspects such as thermal lens

effects, laser beam quality testing, and Gaussian beam trans-

mission characteristics. Z-Scanning technology has since

developed into having a signicant practical value among the

test methods used in the study of nonlinear optical properties.

1.2.1 The basic device of the Z-scanning method. The basic

device of the Z-scanning method and its optical path are shown

in Fig. 1, where the dri of a Gaussian beam convergence output

travels through the lens L and the smallest section of the beam

crosses at the 0 point of the Z axis; O stand for the test object,

placed near the 0 of the Z axis, S is the limiting aperture, and D

is the photodetector. During the test, the object to be tested

moves along the Z axis and records the relationship between the

light intensity and Z value changes. The Z-scanning method of

the recording device and the test process are not complicated,

but this method provides very rich information about the tested

object (Fig. 2).

1.2.2 Measurement of the nonlinear refractive index. The

power of the incident light and the linear transmittance of the

orice can, respectively, be described as follows:

Pi(t) ¼ pu0
2I0(t)/2 (3)

s ¼ 1 � exp(�2ra
2/ua

2) (4)

where u0 is the waist radius of the beam, ua is the radius of the

screen, ra is the hole radius, I0(t) is the intensity of the light at

the focal point, and the normalized transmittance is given by

TðzÞ ¼

ðþN

�N
Pt½D40ðtÞ�dt

s

ðþN

�N
PiðtÞdt

(5)

The phase change of the wave surface at the focal point on the

axis is

D40 ¼ kDn0(t)Leff (6)

Among them, k ¼ 2p

l
, l is the laser wavelength, Leff ¼ (1 �

e�aL), a is the linear absorption coefficient, L is the sample

thickness, and Dn0 ¼ gI0(t).

By denition DTP-V ¼ TP � T, which represents the difference

in the normalized transmittance of the peak-valley in the

normalized Z-scan curve, when D40 # p

DTP-V z 0.406(1 � s0.25)|D40| (7)

Therefore, according to the obtained Z-scan curve, g can be

obtained using (6) and (7).

1.2.3 Measurement of the coefficient of nonlinear absorp-

tion. Optical nonlinear materials tend to have signicant

nonlinear absorption, and the absorption coefficient of the

material can be written as

a(I) ¼ a + bI (8)

where a is the linear absorption coefficient and b is the

nonlinear absorption coefficient. Then, the normalized trans-

mittance is given by34

Tðz; s ¼ 1Þ ¼ 1
ffiffiffiffi

p
p

q0ðz; 0Þ

ðþN

�N
ln½1þ q0ðz; 0Þe�r�ds (9)

q0(z,t) ¼ bI0(t)Leff/(1 + z2/z0
2), when |q0| < 1,

Tðz; s ¼ 1Þ ¼
X

N

m¼0

½ �q0ðz; 0Þ�m

ðmþ 1Þ3=2
(10)

When a Z-scan is performed without an aperture, numerical

tting can be conducted on the experimental results according

to the abovementioned formula.

2 NOPs of metal ions implanted into
various matrices

In many studies, composite materials with MNPs exhibiting

nonlinear optical characteristics were fabricated by various

methods and then generally studied using lasers operating at

frequencies corresponding to the spectral range of the SPR, as

shown in Table 1. However, in fact, when novel materials with

MNPs are used, their properties should be systematically

studied. Hence, to create new materials promising for practical

use in laser systems and integral optics and to optimize their

characteristics, the nonlinear optical properties of these mate-

rials should be studied not only in the SPR spectral region but

also at the specic lasers for industry need.

Fig. 1 Schematic of the basic device of the Z-scan method.

Fig. 2 Z-Scan curve for (left) negative optical nonlinear samples and

(right) positive optical nonlinear samples.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 45129–45144 | 45131
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Nowadays, high-speed optical devices require materials with

high values of nonlinear optical parameters such as nonlinear

refractive index and nonlinear absorption coefficient.46 For Cu,

with the increasing dose number, the absorption coefficient

and the c(3) also increases under the same detection conditions,

but the synthesis conditions are different. The results of new

investigations on the nonlinear optical parameters of composite

materials based on an STOmatrix with Cu and Tb nanoparticles

are presented. They showed that the effective third-order

nonlinear susceptibility is real and has a positive sign. DFWM

and Z-scan measurements showed that the value of |c(3)|

increased with an increase in the implantation dose. Moreover,

the slow component of the relaxation time increased (from 0.1

to 3.58 units for Cu and from 2.52 to 4.15 for Tb nanoparticles).

Ag was implanted into the matrix of SiO2, and the sample

was tested at the wavelengths 532 nm and 1064 nm; the sample

tested at the lower wavelength had a lower c(3); this indicated

that this new structure of metal nanoclusters represented a new

aspect for the study of the nonlinear optical response. However,

if the synthesis conditions were changed, the nonlinear

parameters changed together. Furthermore, experiments

showed that the nonlinear absorption properties of the samples

were affected aer Ar irradiation. The results revealed the large

nonlinear absorption properties of these systems, as charac-

terized by the concomitance of saturable and reverse saturable

absorption.

The third-order nonlinearity of 72GeS2–18Ga2S3–10CdS

chalcogenide glass implanted by Ag ions was studied. The doses

for implantation ranged from 1 � 1016 to 2 � 1017 ions per cm2,

and the Ag nanoparticles were observed via AFM measure-

ments. The third-order nonlinear optical property c
(3) was

measured by the femtosecond Z-scan technique and showed

a maximum value of 7.58 � 10�11 esu.

This indicated that the c
(3) enhancement of the implanted

samples was due to the formation of Ag nanoparticles. The

relation between the implanted dose and the third-order

nonlinearity was associated with the enhancement of the local

eld inside the particles and the interaction between Ag nano-

particles, which could be useful in the fabrication of optical

devices by controlling the implanted doses to control the optical

nonlinearity in glasses.

2.1 Nonlinear optical studies of Au

The third-order NOPs of gold nanoparticles implanted into

various matrices (Al2O3, ZnO, and SiO2) have been investigated

by the Z-scan method. The nonlinear refractive index, nonlinear

absorption coefficient, and the real and imaginary parts of the

third-order nonlinear susceptibility have been deduced.41

According to the results, when the wavelength was between

300 nm and 800 nm, it was clear that the annealing atmosphere

could affect the absorption coefficient. The samples annealed in

air had a lower absorption coefficient than the sample annealed

Fig. 3 Nonlinear absorption values for the isotropic Au NPs in a-Al2O3 at 532 nm and 355 nm. For the first wavelength, the nonlinear optical

absorption is negative, whereas it is positive for the second wavelength.41

Fig. 4 Nonlinear refraction for the isotropic Au NPs in a-Al2O3 at 532 nm and 355 nm. For the first wavelength, the nonlinear optical refraction is

positive, whereas it is null for the second wavelength.41
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in Ar. Regarding the nonlinear optical response, it was found

that the isotropic sample exhibited negative and positive

nonlinear absorption at the wavelengths of 532 nm and 355 nm,

respectively (Fig. 3). The nonlinear coefficients were b ¼ �4 �
10�12 m W�1 with an irradiance value of I0 ¼ 3.1 � 1014 W m�2

for 532 nm, and b ¼ 1.5 � 10�8 m W�1 with I0 ¼ 3.36 �
1014 Wm�2 for 355 nm. Moreover, the nonlinear refraction was

found to be positive for 532 nm with a value of n2 ¼ 3.1 �
10�15 m2 W�1, but it vanished at 355 nm (Fig. 4).

Analysis of the absorption spectra of gold nanoparticles in

three matrices showed that the SPR of gold nanoparticles was

located in the region of 525 nm for Al2O3,
47 540 nm for ZnO,48

and 500 nm for SiO2.
49 The values of the absorption coefficient

reported for the matrices under consideration were 3.3 �
10�16 cm2 W�1 for Al2O3, �9 � 10�15 cm2 W�1 for ZnO,50 and

2.24 � 10�16 cm2 W�1 for SiO2 (ref. 51) at the wavelength of

532 nm. These data were much smaller than those of the

composite materials. Thus, it could be concluded that the

nonlinear optical response of the composites was derived from

the gold nanoparticles.

2.2 Nonlinear optical studies of silicon-based materials

Silicon-based optical devices have received signicant attention

because of their potential application in high-speed signal

processing and no-chip communications.52 The NOPs of silicon

have been studied for a long time and have been subsequently

characterized with various different techniques; this has resul-

ted in a large range of reported data.53 The accuracies of these

studies were quite essential, which were used to characterize the

linear coupling and propagation losses. The nonlinear optical

properties of silicon have been utilized in the design of modula-

tors, receivers, and lters in optical communication demonstra-

tions with bit rates in the order of 1 Tbits per s (ref. 54) and in real-

time A-to-D converters with the sampling rates of several tens of

Gbits per s. A major advantage of the silicon photonic devices is

that they can be produced efficiently because of the superiority of

themature silicon processing technology that has been extensively

developed to permit low-cost, large-volume electronic circuit

production. Thismakes optical devices compatible with the CMOS

technology possible for on-chip integration. The high bandwidths,

high speeds, and energy efficiency of optical communication

circuits allow on-board communication with performances greatly

surpassing those of the electronic alternative.55

Si and SiO2 multilayers with a dot size of 2.5 nm were

prepared, and their microstructures were characterized by

cross-sectional transmission microscopy and Raman spectros-

copy. A broad photoluminescence band centered at 870 nm was

observed. The multi-layer nonlinear optical effect was studied

by the Z-scanning technique under the excitation of two laser

pulses. Photoluminescence at room temperature was observed

at 870 nm; the large Stokes shi between the linear absorption

edge and emission band implied that the emission might

originate from the recombination of photoexcited carriers via

interface states with an energy level inside the gap.56

In Table 2, the nonlinear absorption coefficient and

nonlinear refractive index of the sample upon changing the

excitation pulse time from ps to fs are shown. When the sample

was excited by a picosecond laser, it showed saturation

absorption with b ¼ �3.1 � 10�6 cm W�1 and n2 ¼ �1.3 �
10�10 cm2 W�1. The negative nonlinear refraction could be

attributed to the free carrier dispersion effect. The saturation

absorption can be attributed to the single photon transition

process between the valence band and the interface state.

However, when the sample was excited by a femtosecond laser,

the sample showed reverse saturation absorption with b¼ 1.1�
10�7 cmW�1 and n2 ¼�1.5� 10�12 cm2 W�1. The difference in

the free carrier density generated by two pulses laser played

a great role in the diverse nonlinear response.

A tunable nonlinear absorption and nonlinear refraction

response in Si/SiO2 multilayers have been observed during the

transition process from the amorphous to nanocrystalline

phases under femtosecond excitation at 800 nm by Zhang

et al.57 They suggested that the two-photon absorption process

dominates in the samples mainly containing amorphous Si

phases, whereas the phonon-assisted one-photon transition

process between the valence band and interface states domi-

nates the nonlinear optical properties in nc-Si/SiO2 multilayers.

This suggests that nc-Si/SiO2 multilayers can be applied in

highly sensitive photonic devices such as optical switches and

Q-switch lasers.

Silicon nanocrystals are widely used in photonics, with their

most important characteristics being two aspects: (1) they can

be used as a nonlinear material in various devices, e.g., in

bistable optical cavities, in waveguide optical mode monitors

based on two-photon excited luminescence detection, and in

wavelength shiers using four-wavemixing; (2) they can be used

as an entropy source for quantum random number generation,

which is the key device for cryptography. Quantum size effects

change the properties of Si-nc with respect to bulk silicon; this

allows enlargement of the phenomenology and the application

spectrum of silicon photonics.58

2.3 Nonlinear optical studies of Ag

Due to their large third-order nonlinear optical properties

caused by surface plasmon resonance and the quantum size

effect, noble metallic nanostructures embedded on a trans-

parent dielectric matrix have been attracting signicant atten-

tion59,60 as promising materials for all-optical signal processing

devices.61,62 Consequently, a few technologies have been devel-

oped such as laser ablation,63,64 chemical synthesis, ion

implantation,65–67 and sol–gel methods. The quantum size effect

Table 2 The nonlinear optical response of nc-Si/SiO2 by changing the

excitation pulse duration from ps to fs56

Excitation pulse
duration

Nonlinear absorption
coefficient (b)/(cm W�1)

Nonlinear refractive
index (n2)/(cm

2 W�1)

Picosecond
laser (ps)

�3.1 � 10�6 �1.3 � 10�10

Femtosecond
laser (fs)

1.1 � 10�7 �1.5 � 10�12

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 45129–45144 | 45135
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will make the material show a more excellent performance,

different from that of other noble metallic NPs, and silver NPs

experience a lower intrinsic loss of plasmonic energy at visible

frequencies that gives rise to SPR.68 Moreover, in further

research, it has been indicated that the shape of the metallic

NPs and their dielectric environment determine the surface

frequency and consequently the nonlinear optical

properties.65,69,70

NF-RGO (non-covalent functionalized reduced graphene

oxide) and NF-RGO/Ag-NPs (NF-RGO decorated with various

concentration of silver nanoparticles) were prepared by Sakho

et al.71 The open aperture Z-scan technique was used to inves-

tigate the nonlinear optics. Tables 3 and 4 show the numerical

calculated values of the nonlinear optical parameters at l ¼
800 nm with femtosecond and l ¼ 532 nm with nanosecond

excitation regimes, respectively. The lower optical limiting

threshold was attributed to the charge or energy transfer

between NF-RGO and Ag-NPs in the NF-RGO/Ag-NP hybrid. In

nonlinear optical absorption, the lower the optical threshold

value, the better the optical limiting properties.

In the fs regime, b was found to increase with the decreasing

concentration of AgNPs. The higher the b value, the better the

OL properties of the corresponding material. In addition, in the

fs regime, the samples exhibited the same optical limiting

behavior as in the ns regime. The optical limiting thresholds

were found to be lower in the fs excitation regime as compared

to those in the ns excitation regime. This was attributed to the

prominent plasmon band bleaching of AgNPs when excited at

532 nm. Furthermore, the nonlinear optical analyses showed

that the optical properties of the NF-RGO/Ag-NP hybrid were

size dependent. This nding provided a good understanding of

the graphene-based nonlinear materials and also indicated that

the as-synthesized materials could be potential candidates for

optical limiting applications. Moreover, Li et al.68 have observed

that the nonlinear absorption coefficients signicantly depend

on the excitation energy and can be modulated by varying the

uence of Ag+ ions.

3 NOPs of components synthesized
by different methods
3.1 Vacuum electron-beam co-evaporation method

In the past few decades, the nanostructures of direct band gap

semiconductors, such as Si and Ge, have been extensively

studied because of their potential applications in nano-

photonics, with their main advantage being their compatibility

with conventional integrated circuit technology. Amorphous

and crystallized Ge nanostructures embedded in an Al2O3

dielectric were synthesized by a vacuum electron-beam co-

evaporation method.72 A clear blue-shi of the absorption

edge and a large third-order nonlinear optical susceptibility due

to the quantum connement effect were observed.

Herein, three samples with different Ge concentrations ((A)

Ge/Al2O3 ¼ 1/5, (B) Ge/Al2O3 ¼ 2/5, and (C) Ge/Al2O3 ¼ 5/5) were

synthesized, and the thickness was about 200 nm. The band gap

of the semiconductor was increased due to the quantum

connement effect, which caused a blue-shi of the absorption

band edge and optical luminescence.73,74 Moreover, this effect

caused an enhancement of the third-order optical nonlinearity.

Optical absorption measurements were performed in the visible

to near-infrared range at room temperature. Fig. 5 shows the

optical absorption spectra of Ge + Al2O3 lms on quartz

substrates. It was clear that all these samples exhibited a blue-

shi of the band gap because the band gap of the bulk amor-

phous Ge (a-Ge) was about 0.9 eV. According to the indirect

transition equation,

a(hn) ¼ a(hn � Eg)
2/n (11)

Table 4 Nonlinear optical parameters of the samples under 532 nm ns

excitation71

Samples
b

(10�10 m W�1)
Is
(1011 W m�2)

Optical limiting
threshold (J cm�2)

NF-RGO 2.8 3.8 8.3
NF-RGO/
AgNPs (0.1 M)

7.99 4 4.3

NF-RGO/
AgNPs (0.3 M)

7.99 3.8 5.9

NF-RGO/
AgNPs (0.5 M)

7.99 3.7 7.2

NF-RGO/
AgNPs (1 M)

13.9 2.8 8.1

Table 3 Nonlinear optical parameters of the samples under 800 nm fs

excitation71

Samples
b

(10�15 m W�1)
Is
(1016 W m�2)

Optical limiting
threshold (J cm�2)

NF-RGO 2.5 3.5 1.6
NF-RGO/
Ag-NPs (0.1 M)

6.7 2.5 1.7

NF-RGO/
AgNPs (0.3 M)

6.0 2.5 1.7

NF-RGO/
AgNPs (0.5 M)

4.8 3.9 1.7

NF-RGO/
AgNPs (1 M)

5.8 3.5 1.6

Fig. 5 Optical absorption spectra of Ge nanocrystals embedded in

Al2O3 films on quartz substrates (synthesized at room temperature;

thickness: 200 nm).72
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Eg was calculated to be about 2.4, 2.2, and 1.2 eV for the samples

A, B, and C, respectively.

The third-order nonlinear optical characteristics of sample A

were determined by the Z-scan method at a wavelength of

532 nm and a pulse width of 10 ns. The closed aperture plot

(Fig. 6(a)) shows a distinct valley-peak conguration typical of

the positive nonlinear effects (self-focusing). The nonlinear

optical refractive index n2 dened as

n ¼ n0 + n2I (12)

was calculated using the following equation:

n2 (m
2 W�1) ¼ 1.232lsu0

2
DTP-V/(1 � s)0.25LeffE (13)

where n0 is the linear refractive index of the samples, l is the

wavelength of light, s is the laser pulse width, Leff is the effective

thickness, E is the pulse energy at the focal spot, and DTP-V ¼
0.72. Fig. 6(b) shows the normalized open aperture Z-scan

transmission for sample A. A symmetric inverted bell-shaped

curve can be observed with a minimum at the focus, which

indicates a two-photon or multiphoton absorption process.

3.2 Melt-quenching technique

Glasses containing metal nanoparticles exhibit an ultrafast

electron response within a few of picoseconds, which also have

large third-order optical nonlinearities for a large local-eld

enhancement factor and strong resorption of the surface plas-

mon.75–77 Thus, these materials have been intensively studied in

the last few decades as they are widely used in ultrafast all-

optical switching, ultrafast imaging, optical telecommunica-

tions, signal processing, and so on.78,79 Glasses containing

metal nanoparticles are generally fabricated by melt quenching,

the sol–gel method, sputtering, ion exchange, ion implantation,

or femtosecond laser irradiation.80–82 It is typically really difficult

to control Bi nanoparticles formation in glasses. Thus, Lin et

al.83 proposed a simple method, whereby they used Al to reduce

Bi ions to atomic state Bi, and the atomic or molecular Bi

gathered together. Bi grows and forms nanocrystals during the

subsequent heat treatment. The Z-scan technique was used to

investigate the nonlinear optical properties of the Bi nano-

particle composite glasses.

Typical Z-scan normalized transmittance curves for open

and closed aperture measurements of these Bi glasses are

shown in Fig. 7. The nonlinear index g, nonlinear refractive

index n2, nonlinear absorption coefficient b, and third-order

optical susceptibility c
(3) of all the samples were obtained by

applying nonlinear curve tting, and the obtained third-order

optical nonlinearities are shown in Table 5. It can be found

that the third-order optical susceptibility c
(3) increases as the

heat treatment temperature increases.

Fig. 6 Z-Scan plots of the Ge nanocrystals embedded in an Al2O3 film

(Ge : Al2O3¼ 1 : 5): (a) closed aperture and (b) open aperture. The solid

curves are the theoretical fits.72

Fig. 7 Typical Z-scan normalized transmittance curves for (a) open

and (b) closed aperture measurements.83

Table 5 Third-order nonlinearities of the Bi-doped glasses83

Sample n2 (10
�9 esu) b (cm GW�1) c(3) (10�7 esu)

Bi 460 0.68 0.82 0.39
Bi 480 1.78 3.99 1.01
Bi 500 3.42 6.66 1.95
Bi 520 4.37 9.54 2.49

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 45129–45144 | 45137
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3.3 Nanosphere lithography

A systematic study of the size-related nonlinear optical proper-

ties of triangular Au particles was reported, where triangular Au

nanoparticle arrays with four sizes (37 nm, 70 nm, 140 nm, and

190 nm) were fabricated on SiO2 substrates using nanosphere

lithography. There are many ways, such as chemical

methods84–86 and sputtering method,87 to fabricate particles of

different sizes. Nanosphere lithography has been developed

from natural lithography by Hulteen et al.88 in 1995 and proven

to be a powerful tool to fabricate periodic particle arrays (PPAs)

with a tunable shape and size, which has made it possible to

quantitatively study the optical properties of nanoparticles

(Table 6).

Fig. 8 shows the absorption spectra of Au PPAs of different

sizes. It can be seen that the absorption peaks due to the SPR of

Au particles are located at 552 nm, 566 nm, 580 nm, and 606 nm

for the 37 nm, 70 nm, 140 nm, and 190 nm sizes, respectively.

With the increasing particle size, the absorption peak shis to

longer wavelength, and when l ¼ 800 nm, the linear absorption

coefficient signicantly increases. These size-related linear

absorption properties lead to competition between two

nonlinear mechanisms: the interband transition through the

dominant two-photon absorption (TPA) process and the intra-

band contribution ascribed to the saturated absorption (SA)

process with excitation at the edge of the SPR band for l ¼
800 nm.89

Fig. 9 shows the typical OA results of the four samples. The

black dots indicate the experimental data and the solid lines

present the theoretical ts. The laser intensities were calculated

to be 55 GW cm�2 by I0 ¼ E0/pu
2
s. At the repetition rate of 1

kHz, the accumulative thermal effects can be neglected. The

curve of the 37 nm-sized sample showed a TPA process with an

additional SA component. For the curves of the samples sized

70 nm and 140 nm, the TPA component turned weaker and SA

became dominant. The curve of the 190 nm sized sample

showed only the SA component. The differences are because the

absorption in the excitation region is much weaker than that at

400 nm for the Au PPA sized 37 nm, and herein, the interband to

the TPA process plays a key role. However, the absorption at

800 nm is larger than that at 400 nm for the Au PPA sized

190 nm; this is because the SA process becomes dominant. The

curves of the samples sized 70 nm and 140 nm showed a tran-

sition in this variation of the two nonlinear mechanism

contributions.

Fig. 10 shows the CA Z-scan data for the Au PPAs at I0 ¼ 55

GW cm�2. For the Au PPAs sized 37 nm and 70 nm, a self-

defocusing effect occurs, where the sign of nonlinear refrac-

tion is negative. For the Au PPAs sized 140 nm and 190 nm, self-

defocusing occurs, with a positive nonlinear refraction. For the

Au PPAs sized 37 nm and 70 nm, the nonlinear refraction index

decreases due to the dominant interband transition caused by

the TPA process. As the particle size increases, the SA process

becomes dominant. The refractive index increases due to the

excited electrons; this results in self-focusing. It is worth

nothing that there are two clear deviations from the theoretical

values of data for the 70 nm sized sample; this indicates

a transition process from self-defocusing to self-focusing

(Table 7).

3.4 Organometallic pyrolysis method

In recent years, the NOPs of nanoparticles have attracted

signicant interest due to their various applications in

Fig. 8 Absorption spectra of Au periodic particle arrays with SPR peaks

at 552 nm, 566 nm, 580 nm, and 606 nm. As the sizes increase, the SPR

peaks shift to the longer wavelength.89

Table 6 Dependence of a0, b, n2, T, and W for Au PPAs with different

sizes at the intensity of 55 GW cm�2.89

Size (nm) a0 (cm
�1) b (cm GW�1) n2 (cm

2 GW�1) W T

37 1.4 � 103 54 �0.035 7.5 0.12
70 1.5 � 103 29 �0.032 5.6 0.07
140 1.5 � 103 5 0.17 4.5 0.02
190 1.7 � 103 0 0.02 4.1 0

Fig. 9 The OA Z-scan results of 4 samples at the exciting intensities at

the focal point I0 ¼ 55 GW cm�2. The solid lines show the theoretical

best fit.89
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optoelectronic and biological elds such as in optical

limiting,90,91 multiphoton imaging,92,93 all-optical switching,94,95

cell biology, and cancer-therapy.96–98 The combination of

nanometals and semiconductors has acquired particular

interest for basic sciences and technological applications.99,100

In the study reported by Salah et al.,101 Au NPs and nano-

composite of Au–CdSe of different NPs sizes and concentrations

were prepared.

The effect of the nanosize of CdSe on the nonlinear absorption

was investigated, as shown in Fig. 11. At the excitation intensities

I0 ¼ 118 mJ, the transmission via NPs of different sizes increases

near the focus beam (z ¼ 0). This is an indication that the

absorption of the ground state is higher than that of the excited

states. The SA decreases as the QDs size increases. This decrease

can be clearly seen in Table 8, where the nonlinear absorption

coefficients are summarized together with different parameters

used in the tting process. This decrease is attributed to the

decrease in absorption associated with the increase in the QD size.

The effect of the concentrations of NPs on the nonlinear

absorption behavior of NPs was examined, as shown in Fig. 12.

OA Z-scan transmissions at a laser energy of 195 mJ (0.31 GW cm�2)

were carried out for different concentrations of Au–CdSe at

CdSe QDs sized 3.54 nm. The observed SA nonlinear behavior

Fig. 10 The CA Z-scan results of the 4 samples at exciting intensities at the focal point I0¼ 55 GW cm�2. The solid lines show the theoretical best

fit.89

Table 7 Nonlinear absorption parameters of CdSe:Au of different QD

sizes101

CdSe size
(nm)

a0
(cm�1)

Leff
(cm)

b

(10�10 m W�1)
Im c

(3)

(10�12 esu)

3.37 3.77 0.18 9.8 24
3.54 4.07 0.17 8.5 20
3.91 4.72 0.16 5.0 12
4.56 4.49 0.16 1.8 4.3
5.07 3.34 0.19 1.4 3.4

Fig. 11 OA Z-scan of Au–CdSe of different sizes and excitation

intensities I0 ¼ 118 mJ.101

Table 8 Nonlinear absorption parameters for CdSe:Au at different

concentrations101

Conc. ratio of
QDs sized 3.54 nm

a0
(cm�1)

Leff
(cm)

b

(10�10 m W�1)
Im c

(3)

(10�12 esu)

1/2.5 12.43 0.079 29 69.9
1/5 6.72 0.13 12.7 30.5
1/10 4.04 0.17 4.96 11.9
1/20 2.16 0.22 2.19 5.26
1/40 1.16 0.25 0.908 2.19
1/80 0.61 0.27 0.311 0.075

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 45129–45144 | 45139
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was found to increase as the concentration of NPs increased.

The variation in the calculated nonlinear absorption coeffi-

cients of Au–CdSe at different concentrations is summarized in

Table 8.

3.5 Colloidal chemical synthesis

Among the II–VI semiconductors, CdSe is one of the promising

semiconducting materials that has been studied for application

in solar cells,102 thin lm transistors,103 gamma-ray detectors,104

memory devices,105 and optoelectronic106 and biological appli-

cations.107 Polymer nanocomposites (PNCs) are a class of rela-

tively new materials with ample potential applications. Herein,

the pure CdSe PNC was marked as sample A. Ag–CdSe hybrid

PNC was prepared via a colloidal chemical synthesis technique

by mixing the required amounts of Ag colloids with CdSe

PNC.108 The volume fraction of Ag was changed by keeping the

volume of CdSe PNC constant. The prepared nanocomposite

samples had the composition Ag(x)–CdSe PNC, with x¼ 0.1, 0.2,

and 0.3%, and these samples were marked as B, C, and D,

respectively. The nonlinear optical properties of the nano-

composite thin lms were investigated using the Z-scan tech-

nique with a 2 mW CW He–Ne laser operating at 632.8 nm.

Thermo-optical coefficient (dn/dT) was calculated using the

following relation:109

dn

dT
¼ � lk

PaLeff

D40 (14)

where k is the thermal conductivity (0.09 W cm�1 K�1) and D40

is the on-axis phase shi. The calculated values of dn/dT are

provided in Table 9. The refractive index of the nanocomposites

increases with the increasing Ag content. In addition, with the

increasing Ag content, the value of dn/dT increases; this indi-

cates the increased amount of energy absorbed by PNC and

hence its nonlinear parameters. The increase in the value of c(3)

for the Ag–CdSe hybrid PNC lm as compared to that of the

pure CdSe PNC lm may be due to the SPR resulting from the

doped silver metal, which largely enhances the local eld near

the particle's surface.110 Wang et al.111 also observed a dramatic

increase (eight times) in the n2 value for Ag/LiNbO3 as compared

to that in pure LiNbO3 due to the surface plasmon interactions.

4 Conclusions

Nonlinear optics was established soon aer the invention of the

laser in 1960. It has a long development history of about half

a century, and its research eld has been continuously devel-

oping in depth and breadth. Nonlinear optics studies involve

various kinds of nonlinear effects in the interactions between

a laser and matter; the research contents include two aspects:

one is the study of how to change the macroscopic parameters,

such as susceptibility, dielectric coefficient, refractive index,

and absorption coefficient, of the matter in the laser with an

aim to realize the control of matter by light. The other aspect

involves study of how pump-laser-induced matter changes can

affect the parameters, such as frequency, power, wave vector,

Fig. 12 OA Z-scan transmission of Au–CdSe at 0.31 GW cm�2 for different concentrations of CdSe (3.54 nm).101

Table 9 Values of the linear absorption coefficients (a) and nonlinear

parameters extracted from the Z-scan measurements108

Sample
a

(cm�1)
b (�10�6

m W�1)
n2 (�10�9

m2 W�1)
c
(3) (�10�10

m2 V�2)
dn/dT
(�10�8 K�1)

A 449 1.51 3.02 1.88 3.8
B 553 1.77 5.31 4.48 5.4
C 629 1.85 8.87 9.45 7.9
D 706 1.74 9.08 11.23 7.3
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pulse, pulse width, and propagation direction, of the signal

light propagating in the matter, with an aim to realize control of

light with light. To date, nonlinear optics has gained extensive

applications. For example, it has been widely used in laser

technology to change the frequency of the laser and compress

the pulse width of the laser; it has also been used to fabricate

various optoelectronic devices such as lasers, optical ampliers,

and optical storage and optical switches; it has made an

important contribution to the development of nonlinear optical

communications and space optical communication; it has been

using the nonlinear optical limiting technology to ght against

the blinding laser weapons; the nonlinear optics is a useful tool

for new materials; and it is also a necessary tool for measuring

the nonlinear optical parameters of materials. Devices based on

nonlinear optics are compatible with quantum memories and

ber optic communications, as well as with silicon integrated

circuit semiconductor technology. These new developments can

play a key role in realizing compact, low-cost, and practical

sources of complex quantum optical states on a chip, which will

ultimately enable quantum technologies to have a signicant

impact on our society.

There are several different methods and techniques for

determining the nonlinear optical response of a material. Z-

Scan is one of the simpler experimental methods to be

employed and interpreted. Although there are plenty of avail-

able methods, it is rare that any single experiment will

completely determine the physical processes behind the

nonlinear response of a given material. Z-Scan has only recently

been introduced. The use of the Z-scan technique as both an

absolutely calibrated method for determining standards and as

a relative measurement method is increasing. The Z-scan signal

can provide useful information on the order of the nonlinearity

as well as its sign and magnitude.

Ion implantation has been proven in recent studies as

a reliable technique to tune the properties of bulk materials,

thin lms, nanostructure materials, and biocompatible mate-

rials for specic applications. However, the material properties

can be altered depending on the proper selection of ion species,

ion energy, substrate temperature, and ion uencies. Compared

to other techniques for modifying the surface of the material,

ion implantation can obtain the specied characteristics that

are needed; therefore, it has wider application prospects.

Organic and inorganic composite nonlinear optical materials

will likely become a new development trend for nonlinear

optical materials due to the powerful theory and technical

feasibility behind them. With continuous study, if some prob-

lems can be better solved, such as external electric eld polar-

ization and the organic and inorganic composite temperature

contradiction, a number of high efficiency, high strength, and

fast response materials will be developed. This will also support

further development of nonlinear optics with regard to device

development and theoretical research.
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