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Abstract 

In this study, silver colloidal nanoparticles have been prepared by chemical reduction of silver 

nitrate by trisodium citrate as a reduction agent. The adding time of the reduction agent was held 

constant while the time of stirring was varied. The resulting silver nanoparticles were characterized 

by UV-VIS absorption spectroscopy. The non-linear refractive index and absorption coefficient of 

silver nanoparticles were investigated using a single beam z-scan technique. The excitation source 

was a continuous wave (CW) of 532 nm diode laser with a beam power of 40 mW. All investigated 

samples showed negative and large thermally-induced non-linear refractive indices. Other nonlinear 

optical parameters (        
   

   
   

) were also calculated. Our measurements confirm that the non-

linear parameters are caused by self-defocusing process making them potential candidates for 

nonlinear optical devices. [DOI: 10.22401/JNUS.20.3.15] 
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1. Introduction 

The nanomaterials with dimension less than 

100 nm have received great attention from the 

scientific community not only for their unique 

properties but also for their versatile 

technological applications [1, 2]. This interest 

stems from the distinctive change in 

electronic, magnetic, photonic, mechanical and 

catalytic properties as the particle size is 

reduced to nanoscale [3, 4]. In this regard, the 

nonlinear response of the nanoparticles (NPs) 

to the interaction of light is dependent on their 

size and shape which are mainly related to the 

surface plasmons when the percentage of 

surface atoms in (NPs) is huge compared to 

that in the bulk counterparts [5, 6]. It is worth 

highlighting that controlling the size and size 

distribution can be made by varying the 

synthesis methods and precursor materials. 

Silver (Ag) NPs have been produced using 

different methods including electrochemical 

method [7,8], thermal decomposition [9], laser 

ablation [10], microwave irradiation [11] and 

sonochemical synthesis [12]. The simplest and 

the most commonly used method for synthesis 

metal NPs is the chemical reduction of metal 

salts [13,14]. Thermally induced changes of 

refractive index caused by absorption of light 

in colloidal systems that consist of NPs 

dispersed in a liquid media have been 

intensively investigated both experimentally 

and theoretically [6]. Shahriari and Yunus 

investigated the thermal-induced non-linearity 

of Ag nano-fluid prepared by γ-radiation 

method using a single beam z-scan technique 

[15]. The sign of the non-linear refractive 

index, n2 was found to be negative and the 

maganitude was in the order of 10
-8

 cm
2
/W. 

The results were attributed to the formation of 

thermal lens in the medium around metal NPs 

due to the effective heat transfer from the NPs 

to the medium [15]. Majles Ara et al. 

measured nonlinear refractive indices of Ag 

and Au particles using the Moire 

deflectometry with a CW of He–Ne laser at 

wavelength of 632.8 nm. The nonlinear 

refractive induces for Ag and Au NPs obtained 

at 50 mW were found equal to 1.8×10
−7

 and 

1×10
−8

 cm
2
/W respectively [16]. In this work, 

we report on the characterization of Ag NPs 

synthesized by chemical reduction method 

with different stirring durations after the 

addition of a reducing agent. Z-scan technique, 

which has emerged as a powerful method to 

determine the non-linear refraction of colloidal 

metal NPs, has been employed to study the 

non-linear refractive response from Ag NPs. 
 

2. Materials and Methods 

Silver nitrate (AgNO3) was used as starting 

material while trisodium citrate (C6H5O7Na3) 

was used as reducing agent and the solution of 
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reaction was prepared in distilled water. In this 

research 50 ml of 1.06 mM of aqueous silver 

nitrate was heated up to boiling temperature, to 

this solution 10 ml of 38 mM of trisodium 

citrate solution was added drop wise to the 

AgNO3 solution. The addition of 10 ml of 

trisodium citrate lasted 4 minutes during which 

stirring and boiling of the solution were 

maintained. The specimens of the resulting 

solution were collected at three durations of 

10, 25 and 40 minutes after adding trisodium 

citrate. These specimens are labeled as S1, S2 

and S3. The changing in solution color to 

yellow indicates the formation of Ag NPs. 

The mechanism of reaction could be given 

by the following chemical equation [17] 
 

4Ag
+ 

+ C6H5O7Na3+2H2O→4Ag
0
 + C6H5O7H3 

+3Na
+
 + H

+
 + O2↑  ....................................... (1) 

 

The linear absorption spectra were 

measured by a double beam UV-VIS 

spectrophotometer SPUV-26 in the spectral 

range between 190 and 1100 nm using a quartz 

cell having a thickness of 10 mm. The  

Z-scan experimental setup was analogous to 

that described in Reference [18]. The 

measurements performed using a continuous 

wave (CW) laser diode delivering at 

wavelength of 532 nm and out power of  

40 mW. The laser beam was focused to a small 

spot by a convex lens of 100 mm focal length 

to a waist radius (ω0) of 33.8 µm, the 

diffraction length    
   

 

 
  of 6.7 mm. The 

on-axis power density of the laser beam at the 

waist I0 was calculated to be 2.2 kW/cm
2
. The 

sample was infiltrated in 2 mm thick quartz 

cell, the cell was hold on homemade 

translational stage to move freely across the 

focal region along the z- axis, aperture of  

0.2 mm was placed before the power meter. 

The required condition ( 
   

 

 
 ) >L is satisfied, 

where ω0 is beam waist at the focal point, L is 

the sample thickness and λ is the wavelength 

of the laser light. 
 

3. Results and Discussion  

During the synthesis of silver colloidal 

nanoparticles, the addition time of trisodium 

citrate was constant but the time of stirring 

after the addition of reducing agent was varied. 

The UV-VIS absorption spectrum of Ag  

nano-colloids is shown in Fig.(2). There is a 

strong absorption in the visible region. This 

unique optical behavior is due to surface 

plasmons resonance which is the collective 

oscillations of free electrons at metal–

dielectric interface and electromagnetic fields 

associated with these oscillations [19]. The 

absorption peaks above 400 nm indicate the 

formation of Ag nanoparticles [20]. The 

increase in maximum absorbance at different 

stirring time is due to increase in the amount 

of silver nanoparticles. On the other hand, a 

slight red shift in the position of absorption 

peaks indicates that the particles aggregate to 

larger size by increasing the stirring time [21]. 

For all samples, the mixture undergoes a color 

change from transparent to a yellow color as 

primary blue was absorbed. The color of nano 

particles was found to be highly depended on 

their preparation, with larger particles and 

more asymmetric particles absorbing at longer 

wavelengths than smaller and more spherical 

particles [22]. 
 

 
Fig.(2): Absorption spectra of colloidal silver 

nanoparticle solutions collected at different 

stirring times. (S1 collected at 10 min, S2 collected 

at 25 min and S3 collected at 40 min). 
 

The nonlinear optical characteristics of 

prepared nano-sized silver colloidal samples 

are investigated by performing Z-scan 

technique [23]. Z-scan measurements allow to 

determine both nonlinear refractive index n2 

and nonlinear absorption coefficient β using 

closed and open aperture procedures as 

described by Sheik Bahaa et al. [24]. 

The normalized transmission curves 

obtained using closed aperture set up for Ag 
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nanoparticles samples are shown in Fig.(3). 

The measurement of the distance between the 

peak and valley starts far away from the focus 

(negative z), where the transmittance is 

relatively constant. Then the sample is moved 

towards the focus and then to the positive z. 

The nonlinear refractive index of Ag nano 

colloidal solution is estimated using the 

following equation [25]: 
 

    
     

          
  ............................................. (2) 

 

where     is the on- axis phase shift at the 

focus. The most important quantity could be 

obtained by the best theoretical fit from the 

results is      , which represent the dierence 

between the highest (peak) and the lowest 

(valley) value of transmittance i.e. Tp − Tv. 

The relation between       and ∆φ0 which is a 

function of n2 is given as:  
 

                                .................. (3) 
 

Therefore, n2 can be evaluated by using:  
 

   
      

                          
   ........................ (4) 

 

where S is the linear transmittance at 

aperture (S= 0.39) for the present experimental 

set up,     is the laser beam intensity at focus, 

                      is the effective 

thickness of the specimen,     
 

 
   

 

   
  is the 

linear absorption coefficient and L is thickness 

of the sample. In Fig.(3) square symbols 

represent the experimental data while the solid 

lines are the fitting of normalized 

transmittance data to the closed aperture 

formula [18] 
 

              
     

                 
  .................... (5) 

 

 

 

 

 

 

 
 

Fig.(3): Closed aperture transmittance curves 

of synthesized silver nanoparticle samples.  

(a) for sample S1, (b) for sample S2 and  

(c) for sample S3. 
 

The nonlinear refractive index n2 can be 

determined from the normalized transmittance 

data of the closed aperture measurements. 

Normalized peak and valley transmittance 

      was calculated to be -1.2, -1.45 and -1.7 

for sample S1, S2 and S3 respectively. Then the 

values of nonlinear refractive indices are found 

as summarized in Table (1). The values 

reported in the present work were in the same 

order with that reported in related researches 

[26]. The nonlinear refractive index sign is 

negative and clearly indicate the thermal self-

defocusing phenomena. The values of n2 

increase with the increase of post addition 



Hussein T. Salloom 

102 

stirring and this due to increase of thermo 

optic effect as the Ag nano particles 

aggregating to larger particles with increasing 

stirring time. In addition, the increasing in n2 

can be due to aggregation effects of 

nanoparticles when the concentration of silver 

solution increase. The nonlinear refractive 

indices are calculated as (-8.98*10
-8

,-1.11*10
-7 

and-1.33*10
-7

) cm
2
/W. 

The normalized transmission curves 

obtained using open aperture set up for Ag 

nanoparticles samples is shown in Fig.4. The 

square symbols represent the experimental 

data while the solid lines are the curve fit to 

the analytical equation. Nonlinear absorption 

coefficient β in (cm/W) can be measured by 

fitting normalized transmittance data into the 

formula given by [23, 25].  
 

            
          

 
 
 (   

   

  
 )

   ................ (6) 

and  

   
 √   

          
  ............................................ (7) 

 

where ∆T is the one-valley value at the 

open aperture Z-scan fitting curve and   is 

nonlinear absorption coefficients (the fitting 

parameter). An open aperture normalized 

transmission of all samples is measured in the 

far field region. As can be clearly noticed in 

Fig.(4), a decrease in values of transmission 

around the focal region (z=0) indicate the 

nonlinear absorption in silver nano colloidal. 

This behavior could be attributed to the two 

photon absorption and excited state absorption 

phenomena [26]. It has been noticed that the 

values of   decrease with the increase of post 

adding stirring time that caused to the increase 

of the particle sizes. If the particle become 

larger a small number of nano particles will 

accommodate in the same volume i.e. decrease 

in fraction volume, and, consequently,   

decreased [26]. The nonlinear absorption 

coefficients for present samples are listed in 

Table (1). Researchers addressed that various 

physical mechanisms contribute independently 

at different time scales to optical nonlinearities 

of the material. Generally, the nonlinear 

refraction arises from the electronic effect or 

thermal mechanisms [27]. In the solution the 

thermal effect is a slow accumulative process 

which is associated with the non-radiative 

relaxation of the excitation energy gathered via 

linear or nonlinear absorption by the metal 

NPs. For the aqueous solution the buildup time 

of such thermal effect is about 30 ns [28]. 

Thermal response will be prominent using CW 

laser or long laser pulses since heat can 

accumulate and cause acoustic waves that 

change the density of the samples. The thermal 

nonlinearity of nanoparticles solution can be 

enhanced using solvents with thermo optic 

coefficient and low thermal conductivity such 

as ethanol [29]. 
 

 

 

 
Fig.(3): Open aperture transmittance curves 

of synthesized Ag nano particles samples.  

(a) for sample S1,( )b for sample S2 and  

(c) for sample S3. 
 

By knowing the nonlinear constants n2 and 

  one could obtain the real   
   

 and imaginary 
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 parts of third order susceptibility 

    using the following equations [25]:  
 

       
   

     
   

  ................................ (8) 
 

                        

 
     .............. (9) 

 

                         
    

       ........ (10) 
 

The absolute value of third order is 

calculated by [22]:  
 

                                          
 .............................. (11) 

 

where n0 is the linear refractive index of 

refraction, c is the speed of light, and     is the 

free space permeability. All the results are 

listed in Table (1). 

 

Table (1) 

Calculated Values of nonlinear parameters for prepared Ag nano particles colloidal. 
 

Ag samples Stirring time ∆φ0 n2 (cm
2
/W) Re χ 

(3)
  (cm/W) Im χ 

(3)
 |χ 

(3
| 

S1 10 -1.2 -8.90E-8 -5.17E-6 3.81 E-3 9.31E-5 9.34E-5 

S2 25 -1.5 -1.11E-7 -6.41E-6 3.64E-3 8.91E-5 8.93E-5 

S3 40 - 1.7 -1.33E-7 -7.72E-6 2.61E-3 6.38E-5 6.40E-5 

 

Conclusions  

In summary, silver nanoparticles are 

chemically reduced in trisodium citrate and 

collected at 10, 25 and 40 min. post adding 

stirring time. The optical absorption of Ag 

nano colloidal have been investigated using 

UV-VIS spectroscopy. Surface plasma 

resonance band of silver nanoparticle is found 

at 428 nm, 430nm, and 440 nm and shows a 

small red shift. Nonlinear optical parameters 

are estimated using z-scan technique. 

Nonlinear refractive index of silver 

nanoparticles is found to be negative and as 

high as (-8.98*10
-8

, -1.11*10
-7

and -1.33*10
-7

) 

cm
2
 /W. The variation of nonlinear coefficient 

of samples as stirring time increase were 

reported.  High nonlinear refractive index is 

due to thermo-optic effect. The thermal 

induced optical effect could be used as a 

thermal lens for many photonic applications 

such as optical limiting and beam deflection.  
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