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Abstract.  Nanostructured copper thin films have been prepared 
using the pulsed laser deposition method. Optical absorption spec-
tra of these films exhibit plasmonic absorption peaks around 
619 nm, which suggests the formation of copper nanoparticles on 
their surfaces. Scanning electron micrographs of the films confirm 
the nanoparticle formation on the films surfaces. After laser beam 
passing through the thin films, the observed diffraction rings on a 
far-field screen have been recorded. Despite the smallness of the 
maximal axial phase shifts of the films, which have been obtained 
using the nonlocal z-scan theory, a series of low-intensity rings can 
be observed on the far field screen for some specific positions of the 
thin films from the focal point. It is shown that the best approach to 
determining the sign and magnitude of the nonlinear refractive 
index of thin samples is the application of the conventional close-
aperture z-scan method.

Keywords: pulsed laser deposition, nanostructured thin films, non-
linear optics, z-scan.

1. Introduction

In recent years, the nonlinear response of nanostructured thin 
films has been actively discussed due to its dependence on size 
and shape of nanoparticles contained in films and the ability 
to control these parameters by changing the coating condi-
tions [1]. Nanostructured metal films have been extensively 
investigated due to their fast nonlinear response as well as 
their large nonlinear refractive indices. If a wavelength is 
close to that of the plasmonic absorption peak of nanoparti-
cles, the nonlinear refractive index of nanostructured metal 
films increases with increasing local field [2].

Pulsed laser deposition (PLD) is one of the methods used 
to prepare a variety of nanostructures [3]. The advantages of 
this method are the ability to control the size of nanoparticles 
and also to obtain a relatively uniform distribution of 
nanoparticles on the substrate surface. Among various 
nanoparticles, copper nanoparticles have attracted much 
attention due to their fast and high optical nonlinear response. 

The effects of their presence in semiconductor thin films, col-
loids and many different glasses have been studied by 
Karthikeyan et al. [4].

To measure the nonlinear refractive index, z-scan tech-
nique can be used which was introduced in 1989 by Sheik-
Bahae et al. [5]. This technique for measuring nonlinear 
refractive indices of thin solid or liquid samples is character-
ised by high precision in several cases e.g., when fast pulsed 
lasers are used in experiments [6]. However, in many cases, 
the z-scan theory which is developed for evaluating the non-
linear refractive index is not completely accurate, i.e. when a 
nonlinear medium exhibits a nonlocal response to laser radia-
tion. For instance, in nematic liquid crystals, reorientation of 
the director as a result of the optical field action is nonlocal in 
space. In addition, when a cw or a long-pulse laser is used in 
z-scan experiments and the thermal optical nonlinearity is 
dominant, the medium response is nonlocal [7]. Recently, a 
generalised nonlocal z-scan theory has been developed for 
evaluating the second order refractive index of thin samples 
[8]. In this generalised form, more precise values of the non-
linear refractive index as well as a parameter that determines 
the nonlocal response of thin samples can easily be found 
from the measured z-scan curves.

In addition to z-scan technique, the sign of the nonlinear 
refractive index of samples can be obtained by observing far-
field diffraction rings [9, 10]. Simulations and empirical 
experiments performed indicate that the sign of the nonlinear 
refractive index can be determined by analysing the form of 
the diffraction ring patterns formed in the far-field and by 
determining the sign of the wave radius of curvature in the 
entrance plane of the sample [11 – 15]. Simulation of the 
experiments related to the observation of the diffraction rings 
in far-field is possible by solving the Fresnel – Kirchhoff inte-
gral in the Fraunhofer approximation [10].

In this paper, we describe the preparation of copper nano-
structured thin films and measure their nonlinear refractive 
indices by z-scan technique. The diffraction ring patterns 
after passage of a Gaussian laser beam through the nonlocal 
nonlinear samples are recorded on a far-field screen. The dif-
fraction patterns obtained are simulated by numerically solv-
ing the Fresnel – Kirchhoff integral.

2. Preparation and characterisation of samples

Nanostructured copper thin films were prepared using the 
PLD method. The second harmonic of an Nd : YAG pulsed 
laser (wavelength, 532 nm; repetition rate, 10 Hz, and FWHM 
duration, 20 ns) was used to ablate the copper target inside a 
vacuum chamber. In order to reduce the detaching possibility 
of the unwanted macroscopic species from the target surface, 
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its surface was carefully polished with emery papers and 
thereafter cleaned by ultrasonication in ethanol and deionised 
water. The laser fluence on the copper surface was ~1.46 J cm–2 
and a pressure of 200 mTorr was maintained during the depo-
sition process. The laser beam irradiated the copper surface at 
an angle of 45° with respect to its normal and the target-to-
substrate distance was selected equal to 3 cm [16]. The target 
holder was rotated at 40 rpm to prevent crater formation in a 
single location on the target surface and the substrate was 
rotated at 60 rpm to improve the coating layer uniformity. 
The deposition process continued for 15 min.

After removing the films from the vacuum chamber and 
before investigating their nonlinear optical properties, optical 
absorption spectra were measured with a spectrometer in the 
UV and visible wavelength range. Morphology and mean size 
of nanoparticles in the prepared nanostructured films were 
analysed by scanning electron microscopy (SEM).

3. Investigation of the nonlinear refractive index 

The z-scan technique was used for measuring the nonlinear 
refractive indices of copper nanostructured thin films. The 
scheme of the setup used in z-scan experiments is shown in 
Fig. 1. The laser beam is focused by a lens and the sample is 
moved along the optical axis (the z axis) from one to the other 
side of the focal point. The amount of light passing through a 
small aperture, which is located far from the focal point, is 
recorded during the sample movement. Transmission power 
as a function of the sample location is related to the sign and 
magnitude of the refractive index, n2. Our z-scan experiments 
were performed using the second harmonic of a 532-nm, 
150-mW cw Nd : YAG laser. The focal length f of a lens in the 
experiment is 25 cm, which leads to a Rayleigh length of 
3.4 mm. 

The nonlocal z-scan theory [8] is used for finding the non-
linear refractive indices of copper nanostructured thin films. 
In the generalised nonlocal z-scan theory, the nonlocal 
parameter m, which determines the nonlocal response of the 
sample, and the second order refractive index n2 can be 
obtained from the measured z-scan curves. The m parameter 
is calculated from the equation
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z0 is the Rayleigh length; and Dzp – v is the peak-to-valley sepa-
ration distance on the measured z-scan curve.

By measuring the difference DTp – v between the peak and 
valley transmissions in the closed-aperture z-scan curve, one 

can obtain the maximum axial phase shift at the focal point  
|DF0| from the equation
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where m¢ = (2m + 1)2. After finding |DF0|, the nonlinear 
refractive index can be found from the relation
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where k = 2p/l is the wave number; I0 is the axial intensity at 
the focal point; a is the linear absorption coefficient; and L is 
the sample thickness. The sign of the nonlinearity can be 
determined by locating at the relative position of the peak and 
the valley on the z-scan curve: If a valley is followed by a 
peak, n2 > 0, and if a peak is followed by a valley, n2 < 0.

To observe the diffraction rings in far-field, a minor 
change was made in our z-scan experimental setup: an aper-
ture and a detector were removed and a CCD camera was 
placed in the far-field region. The diffraction patterns were 
projected onto the CCD camera by a lens equipped with a 
variable aperture diaphragm to avoid the CCD saturation. 
With this change, diffraction rings can be recorded by camera 
for any specific z positions of the nonlinear sample on the 
optical axis.

4. Results and discussion

Figure 2 shows a typical absorption spectrum of the films in 
the UV and visible wavelength range. The presence of plas-
monic absorption peaks in the absorption spectra at 619 ± 
4 nm is a direct evidence in support of the formation of cop-
per nanoparticles on the film surface [17]. Broadness of the 
absorption peak in Fig. 2 probably stems from the wide size 
distribution of copper nanoparticles on the film surface [18].

A typical SEM micrograph of the films is shown in Fig. 3, 
which confirms the formation of nanoparticles on the surface. 
One can see that copper nanoparticles have a mean size of 
35 ± 11 nm. The large uncertainty in the measured mean size 
of nanoparticles confirms the wide size distribution of copper 
nanoparticles on the film surface. 

Laser

Aperture

Detector

f = 25 cm z = 0

Figure 1.  Scheme of the z-scan experimental setup. 
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Figure 2.  Typical absorption spectrum of copper nanostrutured thin 
films. 
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Figure 4 shows a typical closed-aperture z-scan curve of 
nanostructured copper thin films across the optical axis. The 
nonlocal parameter m is found equal to 2.3 using equations 
(1) and (2). The obtained m value, which is larger than unity, 
indicates that the spatial intensity distribution of the dif-
fracted beam is narrower than the beam intensity distribution 
due to a phase shift in the Gaussian beam impinging on the 
sample surface [8].

The nonlocal response of the copper thin film, whose 
nanostructure is shown in Fig. 3, can be ascribed to heat dif-
fusion inside the film and scattering of the Gaussian laser 
beam by nanoparticles. Knowing the value of the m parame-
ter, one can calculate, by using the peak-to-valley transmis-
sion difference and equation (3), the maximum nonlinear 
phase shift, which in our case is equal to 0.7693. Finally, using 
equation (4), the second order refractive index is determined 
to be equal to n2 = 6 ́  10–6 cm2 W–1, and since in the z-scan 
curve a valley is followed by a peak the refractive index is 
positive.

Figure 5a shows the recorded diffraction ring pattern on a 
far-field screen after the laser beam passes through the non-
linear copper thin film. In this case, the sample was located 
8 cm behind the focal point. Figure 5b presents the intensity 
distribution along the radial coordinate. The observed dif-

fraction ring pattern consists of a bright spot in the centre, 
which conforms to the predictions of Deng et al. [10] that 
when a divergent Gaussian beam passes through a self-
focusing medium (n2 > 0), the obtained ring patterns on a far-
field screen should contain a bright spot in the centre. 
However, we should note that the diffraction rings (Fig. 5a) 
have low intensity and are completely different from the rings 
formed during diffraction in nonlinear samples with high val-
ues of |DF0| [10]. 

One should bear in mind that in order to be able to observe 
diffraction rings arising from the nonlinearity of the sample, 
the shift |DF0| should satisfy the condition |DF0| >> 2p [10]. At 
the same time, the value of |DF0| obtained by z-scanning of 
the nanostructured copper thin film was equal to 0.7693. To 
explain the discrepancy between the predicted and obtained 
values, one should consider the Fresnel – Kirchhoff diffrac-
tion integral in the Fraunhofer approximation which is used 
for predicting the type of diffraction ring patterns in the far-
field
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where w(z) = w0[1 + (z/z0)2]1/2 is the beam radius on the sam-
ple at some point z; J0(x) is the first-kind zero-order Bessel 
function; q is the far-field diffraction angle; r is the radial 
coordinate in the far-field observation plane at distance D, 
which is related to q as r = Dq in the paraxial approximation; 
r is the radial coordinate on the sample entrance plane; and 
j(r) is the total phase shift induced in the Gaussian beam after 
transmission through the sample, which in the thin sample 
approximation (i.e., at L << z0) [8] can be written as

1 mm

Figure 3.  SEM micrograph of the copper nanostructured thin film.
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Figure 4.  Closed-aperture z-scan curve of the copper nanostructured 
thin film. 
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Figure 5.  (a) Low-intensity diffraction ring patterns observed on a far-
field screen after the beam passage through the sample and (b) intensity 
distribution along the radial coordinate obtained in the experiment ( 1 ) 
and by solving numerically the Fresnel – Kirchhoff diffraction integral.
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The first term in (6) is related to the natural beam curva-
ture radius R(z) and the second term – to the nonlinear phase 
shift. By substituting (6) into (5), the first term in the derived 
equation determines the natural beam diffraction and the sec-
ond – the diffraction rings arising due to the nonlocal nonlin-
ear Kerr effect.

Figure 5b shows the radial intensity distribution, which is 
obtained by numerical integration of equation (5) using the 
parameters corresponding to our experiment. For the nonlo-
cal parameter m and the maximum axial phase shift |DF0|, the 
values of 2.3 and 0.7693 are respectively used that were 
obtained using the sample z-scan curve in Fig. 4 and the 
nonlocal z-scan theory. One can see good agreement between 
the experimental curve and the curve obtained by solving 
numerically the Fresnel – Kirchhoff diffraction integral. One 
should note that the second term in equation (6) is very small. 
Thus, the observed low-intensity diffraction rings arise due to 
the presence of the first term in equation (6) that is inversely 
dependent on the wavefront radius of curvature. As was pre-
viously reported [12] the change in R(z) values may also be 
associated with the formation of diffraction rings. Therefore, 
the observed low-intensity rings are the result of the natural 
diffraction of the Gaussian beam and the information con-
tained in these rings cannot be used for evaluating the sign 
and magnitude of n2 [9, 12]. 

5. Conclusions 

We have prepared copper nanostructured thin films using the 
PLD method. For the first time, the nonlocal z-scan theory 
has been used for obtaining the nonlinear refractive index of 
copper nanostructured thin films. Because the nanostructure 
of the material under study determines the nonlocal response 
and the parameter m, different nanostructures, including 
those containing nanoparticles, nanorods, nanowires, etc., 
can be investigated by the proposed method.

It is found that despite the smallness of the maximum 
axial phase shifts, which were determined using the nonlocal 
z-scan theory, still some low-intensity ring patterns can be 
observed on a far-field screen. The stimulation shows that the 
formation of these rings can be attributed to the variable 
wavefront curvature radius of the Gaussian beam. Therefore, 
one must care not to misinterpret these rings as the diffraction 
rings which can be formed on the far-field screen due to the 
nonlinear responses of the films. 

As we have recently shown [19], in self-phase modulation 
experiments, which are typically used for evaluating the sign 
of n2 [20], the obtained sign may depend on the thickness of 
the used sample.We believe that the best way for obtaining 
the sign and magnitude of the nonlinear refractive index of 
thin samples is the conventional closed-aperture z-scan 
method.
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