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Abstract 

In this work the nonlinear optical properties and optical limiting performance of copper nanoparticles (Cu NPs) 

synthesized by pulse laser ablation (PLA) in different solution (distill water DW, deionized water DI, (Ethglene 

glycol (EG) mixed with (DI)) are presented.  

The nonlinear absorption coefficient of the nanoparticle suspension are measured by the Z-Scan technique by 

using a second harmonic of Nd:YAG laser (532 nm) . The nonlinear refractive index occurs at high beam 

Intensity due to induced refractive mismatch between the copper nanoparticles and water. The synthesized 

nanoparticales is conform with the UV-Visible absorption and Scanning – Electron Microscopy (SEM) 

spectrum in different solutions . 
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I. Introduction 
In current years, the efforts of researcher has been 

devoted and development of new composites based 

on Larg-bandgap semiconductors and insulators 

including metal nanoparticles, that composites 

consider promising material for optoelectronics and 

nonlinear optics. The phenomenon of combine 

excitation of conduction electrons in such 

nanoparticles expouse to the electromagnetic (light) 

waves, called the surface plasmon resonance (SPR), 

accounts for a selective optical absorption and gives 

rise to nonlinear optical effects in the same spectral 

range, [1, 2] .When the excitation of light inter action 

with the noble metal ,the oscillation of free electrons 

in the conduction band occupying energy states near 

the Fermi level give a birth to the (SPR) .The surface 

plasmon resonance  band (SPRB) of noble metal (Au, 

Ag, and Cu) NPs located in the UV-visible  rang 

,leading to boost the nonlinearity when they exposed 

to the lasers, [3-5]. So the noble metal NPs have 

attract comprehensive concerns in photonics 

researches . Optical limiters are devices required to 

protect the sensors and eyes from laser sources by 

keeping the transmitted energies below the damage 

threshold.[6] This is suppose with the support of one 

or more nonlinear optical (NLO) phenomena.[7] 

Silver,[8] copper,[9] in semicontinuous thin films, in 

colloids, and in different glass matrices are 

extensively studied for the NLO and OL 

applications.[10–12] 

The Z-scan method provides a sensitive and 

straightforward method for the determination of the 

nonlinear refractive index and the nonlinear 

absorption coefficient.  

The simplicity of both the experimental set-

up and the data analysis has allowed the technique to 

become widely used by many research groups [13]. 

The electronic nonlinearity is induced by either 

population redistribution or distortion of electronic 

clouds. A molecule undergoes a transition from its 

ground state to its excitation state after absorbing a 

photon. The dipole moment of the molecule changes 

during such a transition. The change in the dipole 

moment will give birth to electronic nonlinearity, 

[14–16]. It has been well known that the nonlinear 

optical behavior of materials can vary greatly by 

changing different laser duration or different laser 

wavelengths. Z-scan technique is a simple and 

effective tool to determine the nonlinear properties 

[17]. It has been widely used in material 

characterization because it provides not only the 

magnitudes of the real part and imaginary part of the 

nonlinear susceptibility, but also the sign of the real 

part.  

Both nonlinear refraction and nonlinear 

absorption in solid and liquid samples can be 

measured easily by Z-scan technique, which use the 

change of transmittance of nonlinear materials [16].  

copper-based nanomaterials are of great interest 

because of their optical, catalytical, mechanical and 

electrical properties, resulting in a wide range of 

applications in the field of metallurgy, catalysis, nano 

and optoelectronics [18-20]. Cu2O (cuprous oxide) 

and CuO (cupric oxide) are two important oxide 

compounds of copper and mostly be have like p-type 

semiconductor. Cuprous oxideis is a II–VI 

semiconductor having direct bandgap of ~ 2 eV, 

while that of cupric oxide has a monoclinic crystal 
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structure with a bandgap of 1.21–1.51 eV [21]. 

Copper oxide nanomaterials have lower surface 

potential barrier than metals, which affects their 

electron field emission properties, and therefore are 

highly applicable as electron sources in cathode ray 

tube and flat panel display [22]. 

Laser ablation in liquid media is a ‘top down’ 

approach for the synthesis of nanomaterials having 

desired shape, size and chemical composition and 

surfaces free from chemical contamination, which are 

essential for further functionalization of nano 

materials for biological and sensing applications This 

technique is adopted by several workers [23-27] for 

the synthesis of colloidal solution of nanoparticles of 

different metals and semiconducting materials. 

 

II. Z scan Technique 
As the sample is translated through the focal 

region of the beam as shown in Fig.(1), the detector 

measures the fraction of intensity passing through the 

aperture which is transmitted through the sample .        

If the beam experiences any nonlinear phase shift due 

to the sample as it is translated through the focal 

region , then the fraction of light falling on the 

detector will vary due to the Kerr lens generated in 

the material by the intense laser beam [28] . When 

the sample interaction with the light ,The excitation 

may be possible due to abundance of incoming 

photons; this give rise to the nonlinear absorption, 

consequently increases and decreases in the 

maximum intensity incident of the sample  produces 

wave front distortions created by nonlinear optical 

effect in the sample being observed. [29,30]  

From the Maxwell's equations one obtains the 

refractive index n and the optical absorption    as 

functions of the  intensity I of the incident laser 

beam:  

 α=αo+βI                                                          ........(1) 

where, β : the nonlinear absorption coefficient related 

to the intensity, 

           αo : linear absorption coefficient.  

There is also a change in the refractive index 

when a material is placed in a strong electric field. In 

fact, the index of refraction becomes dependant on 

the intensity of the electric field. At high intensity, 

the refractive index is given by [29,30] 

n = no + n2I                                                        .... (2) 

where, n2: the nonlinear refractive coefficient related 

to the fluence, no : linear refractive index. The 

coefficients n, α are related to the intensity of the 

laser. The nonlinear refractive index is calculate from 

the peak to valley difference of the normalized 

transmittance by the following formula [30] 

o= kn2IoLeff                    (3) 

Where o :- nonlinear phase shift, k=2π/λ wave 

number, λ :- is  the wave length of the beam. Leff :-is 

the effective length of the sample. 

n2   =  (   / 2  )   o  / Io Leff                             (4 ) 

 To found the nonlinear absorption coefficient  β, the 

negative values for z indicate that the sample is 

positioned between the focusing lens and the beam 

waist at focus, and positive values of z indicate that 

the sample is between the beam waist at focus and 

the detector.  As the sample is translated through the 

focal region of the beam , detector measures the total 

transmitted intensity as shown in Fig.(1) but without 

the part A (aperture)   , because only the fluence at 

the sample is changing as the sample is translated , 

any deviation in the total transmitted intensity must 

be due to multi-photon absorption , the normalized 

change in transmitted intensity can be approximated 

by the following equation[30] .   

          ….. (5) 

Z:-is the sample position at the minimum 

transmittance,Z0 the diffraction length ,m :- integer.  

T(z):- the minimum transmittance. The two terms in 

the summation are generally sufficient to determine 

the nonlinear absorption coefficient  β.                          

 

III. Experimental Work 
Cu NPs have been prepared by nanosecond 

pulsed laser ablation of highly pure copper target in 

DW, DI  water and ( 2 ml EG  mixed with 3 ml DI 

water). The laser ablation of copper  was carried out 

using (Nd:YAG-Diamond-288 pattern EPLS) pulse 

laser at power 200mJ. The laser generated (10 ns) 

(FWHM) pulses at (1064 nm ) with a repetition rate 

of ( 6 Hz). The distance between  laser source and the 

target is 16.5 cm  ,the copper plate placed at the 

bottom of glass vessel containing 5 ml  of  the liquid . 

The spatial profile of the laser pulse was Gaussian,. 

The copper sample was irradiated with the laser 

fluence level of about 1.591 J/cm2. 

The concentration of the Cu NPs is about 

3.41 ppm for distillwater ,deionize water 3.71 ppm 

and 3.83 ppm (EG: DI water). Cu NPs suspension 

was studied using  an ultraviolet-visible (UV-Vis) 

(SP-8001-Metertech) spectrophotometer measure the 

linear absorption coefficient of the Cu NPs 

suspension. 

The nonlinear optical properties of the 

prepared Cu NPs were studied by nonlinear  

absorption  and nonlinear refraction  of the Z-scan 

measurements using 30 ns Full width at half 

maximum (FWHM) laser pulse ND:YAG at 532 nm 

,10.3 mJ the energy was used to perform the Z-scan 

experiments as in Fig.(1).The nonlinear absorption 

can be revealed by the study of the transmittance of 

open aperture for  Z-scan experiment as in Fig.(1) but 

with out part A, and the nonlinear refraction can be 

revealed by dividing transmittance of the closed 
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aperture Z-scan by that of open aperture as in Fig.(1). 

The open and closed aperture  of the Z-scan 

experiments, and the laser beam was focused by a 

lens with focal length of 10 cm.  

The nanoparticle-containing cell with thickness 1mm 

was moved using a translation system along the 

propagation direction (Z-axis) through the focusing 

area. At the focal point, the sample experiences 

maximum laser irradiance, which will gradually 

decrease in either direction from the focus.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure (1) Closed-aperture z-scan 

 

IV. Results and Discussion 
A. Characterization of the sample  

Fig.(2) shows the  UV-Vis absorption 

spectrum for the solution of colloidal nanopartical 

prepared by laser ablation of a copper plate immersed 

in ( DW ,DI water and (EG:DI water)) at 200mJ 

(100-600)pulses. That we can see  the Cu NPs show a 

surface plasmon absorption band about 624 nm for 

DW and 676 nm for DI water and 590 nm for (EG 

mixed with DI water) with the preparation condition 

200mJ,400pulses  in the UV-Vis spectrophotometer 

at a region about 200-900 nm. It exhibits an intense 

peak at between (590-676) nm, this peak is due to 

interband transition of copper electron from upper 

level of valence band  ,which is also known as 

surface Plasmon resonance (SPR) peak. The SPR of  

colloidal copper nanoparticles reported previously 

[31] with a peak at 590-640 nm is in compatible with 

the present result, and we can see that when the 

pulsed laser increase the intensity  of SPR increase . 

Fig.3 ( a , c ) shows ,the Scanning – Electron 

Microscopy- S-4160- HITACHI (SEM) mesurment 

for DW ,DI water (EG mixed with DI water that used 

to obtain the diameter for Cu NPs ,this is conform the 

UV-Vis spectrum as shown in the table 1.  

The optical band gap of the colloidal 

nanopartical calculated using the Tauc relation [32]  

α hν = (hν – Eg)
n
, where hν is the incident photon 

energy and n is the exponent that determines the type 

of electronic transition causing the absorption. The 

best linear relationship is obtained by plotting                   

(αhν)
1/2

 against hν, indicating that the optical bandgap 

of these nanoparticles is due to a direct allowed 

transition. Tauc plot for as synthesized colloidal 

nanoparticles are shown in figure (4) for DW. The 

bandgap of as synthesized colloidal  nanoparticles is 

determined from the intercept of the straight line at    

α = 0, as shown in table .1, the result agreement with 

[21] ,the  lower energy gap in solution (EG mixed 

with DI water ) that is refer to the optimum shift blue 

for SPR peak position  and have  the  optimum 

nanoparticales diameter comparable with the other 

solution , it is clear that the  Ethglene glycol  mixed 

with deionized water represent as a good capping 

agent . 

 

Table .1  The energy gap ,SPR peak, diameter size and Cu NPs concentration in different solutions  

Solutions of Cu NPs Dimeter of the Cu NPs (nm) Concentration (ppm) SPR peak (nm) Eg (ev) 

Distill water 19.84 3.41 624 2.5 

Deionized water 21.25 3.71 676 2.4 

(EG:deionized 

water) 
13.16 3.83 590 2.8 
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(a) 

 

 
(b) 

 

 
( c ) 

Fig .(2)  Uv-Visible absorption spectrum of as synthesized colloidal solution of Cu NPs  by laser ablation at  200 

mJ  in (a) distillwater ,(b) for deionized water, (c) for (2ml EG mixed with 3ml deionized) 
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( a )        (b) 

 

 
( c ) 

Fig. 3-  SEM photography of as synthesized colloidal nanopartical In ( a) distill water, ( b ) deionized water, ( c) 

(EG mixed with deionized water) 

 

 
Fig. 4-  Tauc plot of UV-Visible absorption of as synthesized colloidal nanopartical for the calculation of band 

gap energy in distill water 

 

B-Nonlinear optical properties of Cu 

nonoparticales  solution  

The Cu NPs  are formed in distill water 

,deionize water and (EG mixed with deionized water 

with concentration 3.41 ppm for distill water 

,deionize water 3.71 ppm and 3.83 ppm 

(EG:deionzewater) when the laser exposure of  as 

prepared Cu NPs solutions filled in a cell with optical 

path  1mm, localized absorption of a tightly focused 

beam propagating through as absorbing solution 

produces a spatial distribution of temperature in the 

solution and consequently , a spatial variation of the 

refractive index , that acts as athermal lens resulting 

in severe phase distortion of the propagating beam. 

Generally the measurement of the normalized 

transmittance  versus sample position , allow the 

determination of the nonlinear  refractive index n2 

and nonlinear absorption coefficient  β [33,34]  as in  

Fig (5-7)  respectively,  

Fig 5 (a) for DW shows the result obtained 

at intensity Io= 2.799150743 GW/cm
2
 which is the 

on –axis peak radiation intensity at focus point. When 
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the sample is far from the focal point of the lens  ,the 

laser radiation intensity is low and the normalized 

transmission is less than unity, when the sample 

moves closer to the focal point the transmission 

decreases monotonically, a curve with symmetrical 

valley and two humps are presented, the hump – 

vally –hump structure indicated the nonlinear 

absorption of the sample is reverse saturable 

absorption RSA which is equal B=12.68653 cm/GW 

while the linear absorption coefficient is 0.248953 

cm
-1

 . 

Fig 6 (a) for DI water shows the result at 

intensity Io=2.799150743 GW/cm
2
 which is the  on–

axis peak radiation intensity at focus point. When the 

sample is far from the focal point of the lens  ,the 

laser radiation intensity is low and the normalized 

transmission is less than unity, when the sample 

moves closer to the focal point the transmission 

increases monotonically ,the symmetrical peak in the 

curve indicates saturable absorption SA dominates 

the nonlinear absorption is B=13.50615 cm/GW 

while the linear absorption coefficient is 0.321953 

cm
-1

.  

Fig 7 (a) for ( 2ml EG mixed with 3ml DI 

water) at intensity Io= 2.799150743 GW/cm
2
 ,When 

the sample is far from the focal point of the lens  ,the 

laser radiation intensity is low and the normalized 

transmission is less than unity, when the sample 

moves closer to the focal point the transmission 

decreases monotonically,symmetrical peak in the 

curve indicates two photon absorption TPA . 

dominates the nonlinear absorption, B= 7.72426 

cm/GW while the linear absorption coefficient is 

0.141181 cm
-1

. 

The nonlinear refraction index in Fig.5 (b), 

6(b) ,7(b) shows self focusing as the intensity equal 

Io=2.799150743 GW/cm
2
,n2=1.27757×10

-5
cm

2
/GW 

for DW, n2=2.36918×10
-5

cm
2
/GW for DI water, 

n2=1.26501×10
-5

cm
2
/GW for (EG:DI water). The Z 

scan experiment was also performed  with  DW , DI 

water and (2ml EG mixed with 3ml DI water ) with 

out  Cu NPs , no significant absorption and refraction 

can be observed .This indicated that the nonlinear 

absorption and refraction of the solution arise mainly 

from Cu NPs.As for metal NPs, only the electrons in 

the energy bands adjacent to the Fermi level can 

absorb the photons of visible and near infrared 

light.That is the optical properties of Cu NPs around 

the visible wave length region are influenced by the 

localized outmost electrons in d band and the 

quasifree – electrons in s-p conduction band . 

For both interband and intraband transition, 

the electron in the ground state band absorbs one 

photon ,it can be excited to  the higher  excited band ,  

this process corresponds to two- level transition 

saturation and lead to SA. However, when the 

electron in the d band absorb two photon 

simultaneously and is excited to the  s-p conduction 

band ,or the electron in the ground state band absorbs 

two photons simultaneously and is excited to the 

higher band , these processes are called TPA which 

are not saturable with the irradiation intensity 

increases . when these free carriers on excited states 

absorb photons ,excited state absorption can be 

introduced . If the excited state absorption of free 

carriers which are only generated by the SA 

decreases the transmittance of the sample , the overall 

effect is opposite to that of SA, and it can be referred 

to as RSA. 

 
                   Fig 5 (a)                  Fig 5(b) 
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Fig 6 (a)     Fig 6 (b) 

 

 
Fig 7 (a)     Fig 7 (b) 

 

V. Conclusions 
The Cu NPs prepared successfully via a 

physical method PLA laser ablation with range (13-

22 nm) , The  energy gap  range of the Cu NPs for the 

linear optical properties (2.4-2.8) ev  and the 

nonlinear optical properties of the Cu NPs were 

investigated .  The intensity related nonlinearity 

absorption and refraction were found with Z-scan 

technique ,the nonlinear absorption was RSA 

,SA,TPA , according to the  types of solution  and the 

nonlinear  refraction index self –focusing . 
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