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Abstract
Colloidal suspension of alloy nanoparticles has been prepared and their third-order nonlinear optical response was investi-
gated by means of the Z-scan technique, employing 532 nm continuous wave laser excitation. Alloys colloidal suspension of 
industrial grade brass, aluminium, and copper was prepared via laser ablation in liquid technique. FESEM analysis reveals the 
particles size of less than 102.33 nm on average. The magnitude and sign of the nonlinear refraction, n2 and nonlinear absorp-
tion, β were determined. It was observed from the closed aperture Z-scan that all the suspensions exhibited a self-focusing 
effect with a negative nonlinear refractive index, n2, attributed to thermal lensing effect. Colloids of brass possess highest 
n2 followed by copper and aluminium suspension, attributed to the thermally agitated process whereby heat is transferred 
into non-local region of the propagation axis. Open Z-scan results revealed that the brass suspension exhibited saturable 
absorption (SA) with significant negative β value. Aluminium and copper alloy NPs suspension rather shows reverse satura-
ble absorption with a positive β value. These materials were found to exhibit significant nonlinear refraction and nonlinear 
absorption behaviour, making them possible candidates for photonic and/or optoelectronic applications, especially with low 
powered continuous wave laser excitation.

1  Introduction

Metal nanoparticles (NPs) have attracted great interest in 
recent years because of their distinct optical properties and 
their advances in various applications such as sensors, bio-
medical, and optoelectronics devices [1]. Most commonly 
gold, silver and copper NPs and its alloys have been studied 
extensively [2]. Composite/bimetallic NPs, especially, have 
gained special significance due to their unique tunable opti-
cal properties [3]. Linear and nonlinear optical properties 

of composite NPs such as Au/Ag coreshells [3, 4], CdS NPs 
[5], Au/Pd NPs [6], Cu/SiO nanocomposite [7], PbS NPs [8], 
Cu/Au mixture NPs [9], and Mn/ZnO films [10] have been 
reported previously [11].

Better understanding on the contribution of optical prop-
erties can be achieved by studying different metal NPs [12]. 
These materials are easiest to be synthesised via laser abla-
tion in liquid medium technique (LASiS) to form a colloidal 
NPs suspension [13]. Gold and silver are the common tar-
gets that have been extensively studied using this technique 
but, up to our knowledge, alloys made of brass, copper and 
aluminium have never been reported. The same technique 
has been successful in synthesis of binary alloy NPs from 
its bulk alloy as the target, such as CoPt [14], PtAu [15, 
16], NiFe and SmCo [17], AgAu [18], and AuFe [19]. In 
our project, we ablated three different kinds of alloys that 
are commonly used: brass, aluminium alloys, and copper to 
produce colloidal NPs suspension.

The tightly focused laser beam can easily induce the 
temperature change in the colloidal system. The thermal 
conductivity of a colloid measures the rate of temperature 
change in a transient heat transfer process. Therefore, owing 
to heat transfer processes in the thermo-optical effects, they 
can be very important in the thermal nonlinear response of 
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a nanostructure system. Sarkhoush et al. reported that higher 
nonlinear refractive index value of Au colloids was reported 
at higher thermal conductivity colloids [2]. Since brass, cop-
per, and aluminium alloys have different thermal conductiv-
ity, the control of temperature gradient rate is an important 
factor for producing high thermal nonlinear properties in 
materials. In this study, we have studied the nonlinear optical 
properties of alloys NPs via single-beam Z-scan setup using 
continuous wave 532 nm laser excitation.

2 � Materials and methods

2.1 � Preparation of alloys NPs

Industrial grade of brass, aluminium, and copper sample in 
the form of plate were used as the target in LASiS process. 
EDX analysis reveals the elemental analysis on each alloys. 
The thermal conductivity of the alloys and the solvent has 
been taken from the literature and is listed in Table 1 [20].

Laser ablation of the alloy samples was performed using 
fundamental wavelength of Nd:YAG laser in distilled 
water. Approximately, 800 pulses of 1064 nm at the energy 
of 125 mJ were used for ablation. Figure 1a illustrates the 
ablation process and the image of targets and suspensions 
is shown in Fig. 1b. Water has very low nonlinearity and 

thermal conductivity, so the solvent effect towards the non-
linear behaviour in the colloids can be neglected.

2.2 � Linear optical properties

The linear absorption coefficient, α, at 532 nm was calcu-
lated based on the absorbance value and tabulated in Table 2. 
The refractive index, n, of the alloy suspensions was meas-
ured using a digital refractometer (DR201-95, KRUSS).

2.3 � Nonlinear optical characterization

The laser used is a continuous wave diode pumped solid 
state (DPSS) laser (Coherent Verdi-V5, 532 nm). The 
detector used is silicon amplified photodetector (PDA55, 
Thorlabs). The suspension was contained in a quartz 
cuvette with a pathlength of 1 mm which was mounted 
onto a precision motorized stage (LTS-300, Thorlabs). 
The sample pathlength is much smaller than the Rayleigh 
length at 0.94 cm, which is an essential prerequisite for 
Z-scan thin sample analysis. During the scan, the cuvette 
was moved along the Z-direction of the laser beam under 
the control of a computer. A 50:50 beam splitter was used 
to split the beam into two arms. One of the two photode-
tectors used was placed after an aperture for the first arm 
(closed Z-scan), while the other was placed in front of 
a lens for the second arm (open Z-scan). Concurrently, 
the signal from the two photodetectors was monitored and 
recorded by an oscilloscope. The phenomena that con-
tribute to nonlinear refraction will be studied from closed Table 1   Thermal conductivity 

of alloys targets
Suspension Thermal con-

ductivity (W/
mK)

Brass 14–109
Cu alloy 46–237
Al alloy 112–205
Water 0.591

Fig. 1   a NPs synthesis via 
LASiS, b brass, aluminium, and 
copper alloy (from left, top) 
and its colloidal suspension 
(bottom) Lens

Cuvette

Target

Holder

a bLaser beam

Table 2   Linear absorption 
coefficient of the alloy 
suspensions

Suspension α (cm−1)

Brass − 0.74772
Aluminium − 0.57139
Copper − 0.40622
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aperture Z-scan, while the open aperture Z-scan will 
be sensitive towards the nonlinear absorption response. 
Table 3 summarizes the parameters of the Z-scan setup 
used in the experiment.

The peak followed by a valley-normalized transmittance 
obtained from the closed aperture Z-scan is defined as 
∆TP−V which is given as TP − Tv. The variation of this 
quant i ty  as  a  funct ion of  ||Δ�0

|| i s  g iven by 
ΔTp−v = 0.406(1 − S)0.25||Δ�0

|| , where ||Δ�0
|| is the on-axis 

phase shift at the focus; S is the aperture linear transmit-
t ance  wi th  r0  denot ing  the  aper tu re  rad ius (
S = 1 − exp

(
−2r

2
0

/
�2
0

))
 , and �0 denoting the beam radius 

at the aperture in the linear regime. Then, the nonlinear 
refractive index, n2 , is given by

where λ is the laser wavelength, I0 is the intensity of the laser 
beam at focus z = 0 , Leff =

[1−exp(−�L)]
�

 , Leff is the effective 
thickness of the sample, α is the linear absorption coeffi-
cient and L is the thickness of the sample. The nonlinear 
absorption coefficient, β, can be estimated from the open 
aperture Z-scan data. The normalized transmittance for the 
open aperture condition is given by

or q0(z) < 1 , where q0(z) =
�I0Leff(

1+z
2
∕z2

R

) , zR = k�2
0

/
2 is the dif-

fraction length of the beam and �0 is the beam waist radius 
at the focal point and k = 2�∕� is the wave vector.

2.4 � Characterization of the alloy nanoparticles

The nanoparticles have been characterized using field 
emission scanning electron microscope (FESEM) coupled 

(1)n2 =
Δ�0�

2�I0Leff
,

(2)T(z, s = 1) =

∞∑

m=0

[
−q0(z)

]m

(m + 1)3∕2
,

Table 3   Z-scan parameters Parameters Value

f 20 cm
ra 0.068 cm
w
0

0.0023 cm
� 532 nm
S 0.22
zr 0.94 cm

Fig. 2   EDX spectra of the target and its images of the alloy targets (inset)



	 M. Abdullah et al.

1 3

155  Page 4 of 9

with energy dispersive X-ray (EDX) and dynamic light 
scattering (DLS).

3 � Results and discussion

EDX spectra in Fig. 2 indicated the elemental composition 
of the alloy targets used during the LASiS process. Brass 
alloys contained mostly Cu and Zn, with slight traces of 
carbon C, Pb, Sn and Si. Aluminium target is majorly com-
posed of Al–Mg alloy, and slight percentage of Mn and Fe, 
while copper target contained 93% of Cu with negligible 

impurities. Figure 3 shows the UV–Vis absorption spectra 
of the three colloidal suspension, brass, aluminium and 
copper alloys. All samples showed no absorption band 
in the visible regime. The absorption at the Z-scan laser 
excitation (532 nm) was recorded, from which the linear 
absorption coefficient, α, was calculated. Overall, the brass 
colloids have higher absorbance within the visible region 
as compared to aluminium and copper colloids which 
explains the darker colour of the suspension as in Fig. 2. 

The brass NPs were characterized using FESEM, EDX, 
and DLS as shown in Fig. 4a–c, respectively. FESEM 
micrograph shows the generated brass NPs with an average 
size of 17.94 nm. Some particles appear to accumulate and 
form a bigger particle. EDX point analysis confirms the 
alloy form of the NPs with Cu and Zn as the main element 
presents, as well as small percentage of Sn, Pb, Al and Mn. 
The size distribution from DLS, however, shows trimodal 
distribution which suggests the non-uniformity of the NPs. 
This is the result of the agglomeration of the particles dur-
ing and after the ablation process. The first mode of the 
DLS was the contribution of the non-agglomerated nano-
particles (peak ~ 20 nm), while the middle mode where the 
intensity is highest represents the agglomerated particles 
up to the size of ~ 100 nm. The presence of larger parti-
cles in DLS graph (3rd peak in Fig. 4c) comes from the 
presence of droplets spatters and sideways spatters during 
intense ablation process.

FESEM micrograph of the Al alloys NPs in Fig. 5a 
shows larger particles with an average size of 102.33 nm. 
The large-sized spatters can be clearly seen in Fig. 5a. The 
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Fig. 3   UV–Vis spectra of the alloy NPs suspensions

Fig. 4   Characterization of brass suspension for Z-scan measurement. a FESEM image of the nanoparticles, b EDX spectra of particles, and c 
particle size distribution from DLS
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presence of Al, Mg and Na in the EDX spectrum confirmed 
the alloyed structure of the particles. The DLS analysis in 
Fig. 5c failed to analyse the size distribution of particles 
as it mostly contained large pieces from the spatters and 
the agglomerated particles. The agglomeration is more 
prominent in Al NPs because of its lower melting tempera-
ture (463–671 °C); thus, the agglomeration occurs during 

subsequent laser pulses as the melting process starts to 
occur. The result is the formation of instantaneous molten 
Al alloy within the solvent. Subsequently, particles with 
nonuniform size distribution were produced during LASiS 
process of Al alloys as the target.

Figure 6a shows the FESEM image of the Cu NPs. 
The average particle size is 30.96 nm with EDX analysis 

Fig. 5   Characterization of aluminium suspension for Z-scan measurement. a FESEM image of the nanoparticles, b EDX spectra of particles, and 
c particle size distribution from DLS

Fig. 6   Characterization of Cu NPs for Z-scan measurement. a FESEM image of the nanoparticles, b EDX spectra of particles, and c particle size 
distribution from DLS
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revealing alloys with the content of Cu, Mg and Na. The 
size distribution from DLS showing trimodal distribution 
peaked at ~ 40 nm, ~ 150 nm, and ~ 4000 nm. The 1st peak 
is the contribution from each individual particle as shown 
in Fig. 6a and the 2nd peak represents the agglomerated 
particles with size (in diameter) up to 1000 nm, while the 
last peak speaks for the spatters formation as discussed 
before.

The original concentration of the colloid suspensions 
after the ablation was maintained during Z-scan experiments 
without dilution. The output signal from closed Z-scan for 
the samples is plotted in Fig. 7. The solid line represents 
the theoretical fit to the experimental data all showing good 
correlation with the data. With an aperture of size 0.68 mm 
placed in the far field of the samples, the resulting transmit-
tance exhibited a self-defocusing effect with a symmetrical 
peak–valley curve. The physical origin of nonlinear refrac-
tion can be electronic, molecular, electrostrictive or thermal 
in nature. In the present case, the nonlinearity is thermal 
in nature as CW laser was used as the excitation source. 
The agitated thermal effect will increase the excited state 

Fig. 7   Closed-aperture Z-scan results for the a brass, b Al alloy and c Cu alloys NPs suspensions
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Fig. 8   The dependency of n2 towards the intensity for each suspen-
sion
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absorption (ESA). The z separation between the peak and 
valley was calculated to be > 1.7zr which clearly indicates 
thermal nonlinearity (for ideal Gaussian beam for third-order 
nonlinearity, z = 1.7zr) [21, 22]. Quantitative analysis on the 
nonlinear refraction behaviour of the samples reveals a nega-
tive nonlinear refractive index, n2. The value of n2 is plotted 
against the focal intensity in Fig. 8.

As the suspension passes through the tightly focused 
beam, part of the energy is absorbed by the metal NPs and 
converted into heat. This results in change of the refrac-
tion index of the suspension and the path of the laser beam 
creating what is known as thermal lensing. At higher laser 
excitation energy, higher local temperature is induced. Ide-
ally, for pure third-order nonlinearity the value of n2 should 
be independent of the intensity. However, it is interesting 
to note in Fig. 8 that the value of n2 is dependent on the 

intensity, which indicates the contribution from thermally 
induced nonlinearity. Thus, the nonlinearity observed is tem-
perature dependent and this contributes to a stronger non-
linearity of the samples. The thermal conductivity of water 
as the solvent is much lower compared to the thermal con-
ductivity of the particles; therefore, we can assume that the 
thermal diffusion that occurs within the beam waist occurs 
through conduction during collision between the nanoparti-
cles. By comparison, the value of n2 in the increasing order 
is brass NPs, Cu alloy NPs, and Al alloy NPs. This order 
can be explained due to the contribution of the particle size, 
as smaller particle size (higher mobility, more collisions) 
tends to dissipate heat quicker into the beam spot area and, 
consequently, results in severe phase distortion of the propa-
gating beam (Fig. 9). 

Fig. 9   Open aperture Z-scan signal of the a brass, b Al alloys, and c Cu alloys NPs suspensions
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The open Z-scan curves of the suspensions are shown 
in Fig. 5. Interestingly, brass NPs exhibited strong satura-
ble absorption (SA) within the laser intensity tested. This 
is caused by the depletion of electrons in ground state, i.e. 
ground state bleaching. At the tightly focused beam, the 
electrons in the ground state of the brass NPs are excited 
into an upper energy state at a rate that is faster than their 
subsequent relaxation back to the ground state. The same 
behaviour has been reported for other metallic NPs such as 
platinum NPs [23], silver NPs in glass [24] and gold NPs 
[4]. Figure 10 shows that the value of β for the brass NPs 
decreases in value with increasing focal intensity which 
illustrates that the optical bleaching effect is reduced at 
higher intensity. Thus, the results obtained in this work 
demonstrate that brass NPs suspension could be used as 
saturable absorber for mode-locked lasers, especially for low 
intensity laser.

On the contrary, Al alloy NPs and Cu alloy NPs showed 
reverse saturable absorption (RSA) phenomena within 
the intensity range of 4.1–10.7 kW/cm2. Surface plasmon 
resonance (SPR) for Al and Cu NPs occurs below 250 nm 
(Fig. 2), far from the excitation wavelength of 532 nm used, 
which implies that the SPR mechanism is not contributing 
to the nonlinear absorption. RSA can be caused by several 
nonlinear optical processes including two photons absorp-
tion (2PA), excited state absorption, nonlinear scattering 
and free carrier absorption. The magnitude of β was cal-
culated via nonlinear curve fitting according to Eq. 2 by 
Levenberg–Marquardt algorithm. Our results showed that 
Cu suspension possesses highest positive β value while high-
est negative β value was recorded for brass suspension. It 
is worth noting that the magnitude of the n2 and β of these 

alloys suspensions is comparable with some of the common 
studied metal NPs such as gold and silver [25]. Therefore, 
these materials have the potential to be exploited in the 
developing various photonics and optoelectronics devices.

4 � Conclusions

We have reported the nonlinear optical response of brass, 
copper and aluminium alloys nanoparticles in colloidal 
forms. The FESEM analysis reveals the nanoparticles sized 
19.94 nm for brass NPs, 102.33 nm on average. The col-
loids were synthesised by laser ablation in liquid medium 
technique. All suspensions exhibited a self-focusing effect 
with a negative nonlinear refractive index, n2, attributed to 
thermal lensing effect. The brass nanoparticle exhibited SA 
properties, while the aluminium and copper alloys exhibited 
reverse saturable absorption at higher intensity.
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