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Nonlinear optical properties of Au/ZnO nanoparticle arrays
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Abstract
The triangular-shaped Au/ZnO nanoparticle arrays were fabricated on fused quartz substrate using nanosphere lithography. The structural

characterization of the Au/ZnO nanoparticle arrays was investigated by atomic force microscopy. The absorption peak due to the surface plasmon

resonance of Au particles at the wavelength of about 570 nm was observed. The nonlinear optical properties of the nanoparticle arrays were

measured using the z-scan method at a wavelength of 532 nm with pulse duration of 10 ns. The real and imaginary part of third-order nonlinear

optical susceptibility, Re x(3) and Im x(3), were determined to be 1.15 � 10�6 and �5.36 � 10�7 esu, respectively. The results show that the Au/

ZnO nanoparticle arrays have great potential for future optical devices.
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1. Introduction

Nanoparticles of noble metals (e.g., Ag, Au, Cu) embedded

in dielectric matrices have been widely investigated for many

years because of their large third-order nonlinear optical

susceptibility and fast response time, which are essential for

future optical device applications, such as optical switches,

optical phase conjugation, and optical computing [1–3]. The

greatly enhanced optical nonlinearity in the nanocomposite

materials was known to stem from the giant amplification of the

local electric field near and inside the metal particles at the

surface plasmon resonance (SPR) frequency [1]. Composite

films with different dielectric matrices and metal doping have

been reported in recent years [4–7]. Usually, the metal clusters

are spherical shaped and randomly dispersed inside the

composite materials.

Theoretical studies indicated that the anisotropy of both the

shape and geometric distribution of the metal nanoparticles

could greatly enhance the third-order nonlinear optical

susceptibility x(3) as well as figure of merit, x(3)/a (a is the
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absorption coefficient) [8,9]. Experimental investigations, for

example, Au/SiO2 multilayer composite films with nonsphe-

rical Au particles and Ag/BaTiO3 composite films consisting of

oriented Ag clusters, confirmed the enhancement of x(3) and

x(3)/a via geometric anisotropy [10,11]. Additionally, nano-

sphere lithography (NSL) as a low-cost, simple but effective

technique was widely used to produce nanostructures with

anisotropy characters [12]. The optical nonlinearity of gold

nanoparticle arrays fabricated using NSL has been reported

recently, and a pronounced improvement of x(3) and x(3)/a were

observed compared with that of ultra-thin Au film consisting of

randomly distributed spheroidal clusters [13,14]. It is pre-

dictable that the optical nonlinearity could be further enhanced

if Au nanoparticle arrays were embedded in dielectric matrix

with larger dielectric constant and optical nonlinearity. In this

paper, we studied the large nonlinear optical response of Au/

ZnO nanoparicle arrays fabricated using NSL.

2. Experimental

The Au/ZnO nanoparticle arrays were fabricated using NSL

by two steps. First, polystyrene nanospheres with diameters of

200 nm were used to form the single-layer masks on the fused

quartz substrates (10 mm � 10 mm � 0.5 mm). By dropping
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Fig. 1. The schematic illumination of Au/ZnO nanoparticle arrays deposition

procedures.

Fig. 2. AFM image of Au/ZnO nanoparticle arrays.
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10 ml of polystyrene nanosphere diluted solution onto a cleaned

quartz substrate, which was inclined about 58 in a chamber with

saturated humidity at a temperature of 35 8C, we successfully

formed a homogenous, dense monolayer ordered nanosphere

crystal mask. Then the substrate with the mask was mounted

into a PLD system. A XeCl excimer laser (308 nm, 17 ns, 2 Hz)

was alternately focused onto the high-purity targets of Au

(99.99%) or Zn (99.99%) at a typically energy density 2 J/cm2.

The targets were mounted on a rotating holder, 45 mm from the

substrates. Fig. 1 shows the schematic illumination of

deposition procedures. Au was first deposited and then Zn,

both for 10 min in vacuum at the pressure of about

1.0 � 10�5 mb at room temperature. The thicknesses of Au

and Zn can be varied depending on the deposition time. After

deposition, the nanosphere mask was completely removed by

ultrasonication in chloroform, then the sample was annealed at

500 8C in pure O2 atmosphere for 2 h, and finally the Au/ZnO

nanoparticle arrays were obtained.

The nanostructure of the sample was characterized by

atomic force microscopy (AFM; Digital Instruments, Nano-

scope IIIa) in contact model. A VGESCALlab-5 X-ray

photoelectron spectroscopy (XPS) with Mg Ka (1253.6 eV)

exciting radiation was used to determine the Zn and Au

chemical band. The binding energies were corrected with

reference to the assumed value of 284.6 eV for the resulting C

1s line from the adsorbed hydrocarbon contaminant. The

optical absorption of the sample was measured from 330 to

800 nm using a SpectraPro-500i spectrophotometer (Acton

Research Corporation) at room temperature.

The third-order nonlinear susceptibility of the Au/ZnO

nanoparticle arrays was determined by z-scan method [15]. The

z-scan technique is a simple and effective tool for determining the

nonlinear optical effects. It is used widely in material

characterization because it provides not only the magnitudes

but also the sign of the real and imaginary parts of x(3). When the

measurement is performed without the aperture (open-aperture),

the z-scan profile reveals the nonlinear absorption b alone. The

normalized transmittance T(z) could be written as [15]

Tðz; s ¼ 1Þ ¼
X1

m¼0

½�q0ðzÞ�
m

ðmþ 1Þ3=2
for jq0j< 1 (1)

where q0ðzÞ ¼ bI0Leff=ð1þ z2=z2
0Þ, I0 is the laser peak inten-

sity, Leff = 1 � exp(�aL)/a is the effective thickness of the

films (L is the sample thickness) and z0 is the diffraction length

of the beam. While for the small aperture (closed-aperture)
measurements, the transmittance is affected by both the non-

linear refraction and the nonlinear absorption. To extract the

information of nonlinear refractive index n2 from the z-scan

curve, the closed-aperture transmittance was divided by the

corresponding open-aperture data. Then the normalized trans-

mittance T(z) is given by [15]

TðzÞ’ 1� 4x

ðx2 þ 9Þðx2 þ 1ÞDF0 (2)

and

DT p�v’ 0:406ð1� SÞ0:25jDF0j for jDF0j � p (3)

where DF0 is the on-axis phase shift at the focus, DT p�v is the

difference of transmittance between the normalized peak and

valley. The linear transmittance of the far-field aperture, S, is

defined as the ratio of the pulse energy passing through the

aperture to the total energy.

A frequency-doubled Q-switched Nd:YAG laser at a

wavelength of 532 nm with pulse width of 10 ns was used as

the light source. The laser beam was focused onto the sample by

a 150 mm focal length lens, leading to a measured beam waist

of 30 mm and a pulse energy of 8.0 mJ at the focus. The on-axis

transmitted beam energy, the reference beam energy, and the

ratios of them were measured using an energy ratiometer (Rm

6600, Laser Probe Corp.) simultaneously. In order to reduce the

possible thermal accumulative effect, the laser repetition rate

was set to 1 Hz.

3. Results and discussion

Fig. 2 shows an AFM image of 5 � 5 mm2 area of Au/ZnO

nanoparticle arrays. The image exhibits a typical hexagonal

patterned three-dimensional (3D) nanoparticle arrays consist-

ing of triangular-shaped Au/ZnO nanoparticles. The in-plane

particle diameter, defined as the perpendicular bisector of the

equilateral triangle, is estimated to be about 45 nm. The average

out-of-plane height of the nanoparticle arrays is about 18 nm.

The height of pure Au nanoparticle arrays fabricated at the



Fig. 3. Absorption spectrum of Au/ZnO nanoparticle arrays.

Fig. 5. z-Scan normalized transmittance with closed-aperture of Au/ZnO

nanoparticle arrays. The solid curve is the theoretical fit to the data.
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same condition was about 10 nm, so the thickness of the ZnO

shell was estimated to be about 8 nm.

Fig. 3(a) exhibits Zn 2p XPS signal of the Au/ZnO

nanoparticle arrays being bombarded by an argon ion (Ar+)

beam (2.5 kV, 20 mA) for 2 min. It is evident that the binding

energy value of the Zn 2p3/2 peak is 1022.6 eV, indicating that

Zn is in oxidized state and the signal of metallic Zn is too weak

to be distinguished. Fig. 3(b) shows the XPS core-level spectra
Fig. 4. (a) Zn 2p XPS spectrum of sample being etched by an Ar+ ion beam

(2.5 kV, 20 mA) for 2 min (b) Au 4f XPS spectrum of the sample, two peaks

corresponding to Au 4f7/2 and 4f5/2.
of Au 4f lines. The peaks at 84.0 and 87.7 eVare corresponding

to Au 4f7/2 and 4f5/2, respectively, which indicate that the gold

still kept metallic state in the composite arrays.

The absorption spectrum is shown in Fig. 4. The absorption

peak due to the surface plasmon resonance of Au nanoparticles

was observed around 570 nm. Compared with Au/ZnO

composite film [7], the SPR of Au/ZnO nanoparticle arrays

shifted to shorter wavelength. It is plausible that the shape and

distribution of Au particles should be taken into consideration.

The absorption peak near 364 nm arose from the exciton

absorption of ZnO nanocrystallites. The absorption coefficient

was calculated to be 5.2 � 104 cm�1 at 532 nm.

The typical curve of closed-aperture (CA) is shown in Fig. 5.

The filled squares are the measured data, with each point

corresponding to the average of 10 pulses. The solid line is the

theoretical fit. The CA curve exhibits valley-to-peak config-

uration, indicating a positive value of the nonlinear refractive

index n2. Because the fused quartz substrate has a very small

nonlinear optical response at 532 nm that was measured by the

same z-scan setup, the large optical nonlinearity resulted from

the Au/ZnO nanoparticle arrays. The result of open-aperture

(OA) z-scan measurement of the sample is shown in Fig. 6. The
Fig. 6. z-Scan normalized transmittance with open-aperture of Au/ZnO nano-

particle arrays. The solid curve is the theoretical fit to the data.
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OA curve exhibits a normalized transmittance peak, indicating

the presence of nonlinear optical absorption saturation.

The data were analyzed using the procedures described by

Sheik-Bahae et al. [15]. The calculated nonlinear refractive

index, n2, of the Au/ZnO nanoparticle arrays is 4.51 � 10�12 m2/

W and the real part of the third-order nonlinear optical

susceptibility, Re x(3), is 1.15 � 10�6 esu, which is among the

best values of some representative composite films such as

Au:SiO2 [4], Au:Al2O3[5], Au:BaTiO3 [6] and Au:ZnO [7]. It is

worth noting that the volume fraction of metal clusters in Au/

ZnO nanoparticle arrays is only about 1.5% considering the air as

the matrix, which is much lower than mentioned above. It is

confirmed that the enhancement of the optical nonlinearity in the

Au/ZnO nanoparticle arrays could be due to the strong local

electric field near the triangular-shaped Au nanoparticles. Both

the theoretical and experimental studies have demonstrated that

the local fields near the particle surface is more intense for

nonspherical particles than spherical ones, especially in the tips

of a triangular particles with the high-curvature radius which

tends to concentrate the electromagnetic field, and jEj2 is as much

as 104 times the incident field near the tips [16,17]. Meanwhile,

the matrix of ZnO nanoparticles with strong nonlinear optical

response also contributed to the large optical nonlinearity of the

composite nanoparticle arrays [7].

The nonlinear absorption coefficient b (m/W) of the sample

can be calculated to be �4.99 � 10�5 m/W. The calculated

Im x(3) is -5.36 � 10�7 esu. The absolute value of x(3) was

determined to 1.27 � 10�6 esu.

4. Conclusion

Nanocomposite particle arrays of Au/ZnO were fabricated

on fused quartz substrate using nanosphere lithography. The

structural characterization of the Au/ZnO nanoparticle arrays

was investigated by atomic force microscopy. The AFM image

of the sample illustrated a discrete triangular-shaped nano-

particle arrays with the height of the particles of 18 nm. XPS

analysis indicated that the metallic Zn was oxidized to be ZnO,

and Au still kept metallic state. The linear optical absorption
spectrum showed SPR absorption of Au particles at 570 nm.

The third-order optical nonlinearity of the sample was

measured using z-scan technique at the wavelength of

532 nm with laser duration of 10 ns. The Re x(3) and Im x(3)

of Au/ZnO were 1.15 � 10�6 and �5.36 � 10�7 esu, respec-

tively. The results suggest that the Au/ZnO nanoparticle arrays

have great potential application in the future optical devices.
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