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Abstract

Optical nonlinearities of Au nanoparticles embedded in zinc oxide (ZnO) matrix have been investigated by the Z-scan method at the
wavelength of 532 nm using nanosecond Nd3+:YAG laser radiation. The nonlinear refractive index has been measured and the real part
of the third-order nonlinear susceptibility is deduced. The results of the investigation of nonlinear refraction using the off-axis Z-scan
configuration are presented and the mechanisms responsible for the nonlinear response are discussed. The nonlinear refraction is found
to be negative (self-defocusing) in the vicinity of the surface plasmon resonance. Moreover, its strength is shown to be larger for materials
having higher gold concentration. Finally, the prevailing influence of the electronic Kerr effect over the possible thermo-optical contri-
bution is demonstrated.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The optical Kerr effect corresponds to a third-order
nonlinear optical process where the refractive index of a
medium, n, varies linearly with the incident intensity I as:
n = n0 + cI, where n0 is the linear refractive index and c is
the nonlinear refraction coefficient. The sign and value of
c for a particular material are very much important for
its practical applications. The c value can be positive when
the medium behaves like a focusing lens, and negative in
the case where it diverges laser radiation. Knowledge of
these parameters is important when choosing the applica-
tion area of a material. For example, a material with posi-
tive sign of c can be used for soliton formation in optical
waveguides [1,2] and a material characterized by a negative
sign of c and a low efficiency of nonlinear absorption can
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be applied as an optical limiter of laser radiation [3,4]
due to the divergence produced by self-defocusing. To
understand and further improve such properties, the
important point is to determine the origin of the nonlinear
refraction mechanism, which can influence both the value
and sign of c.

Metal nanoparticle systems like metal-doped glasses or
colloidal solutions are of considerable interest due to fast
response time on laser excitation [5,6] and large value of
the third-order nonlinear susceptibility, v(3), responsible
for Kerr effect [7–10]. Optical nonlinearities of gold
nanoparticles were the subject of numbers of investiga-
tions during the past decade. The influences of nanopar-
ticle parameters (size and shape), preparation methods
(ion implantation, r.f. sputtering, chemical, sol–gel, etc.)
together with laser radiation parameters (pulse duration,
repetition rate, wavelength, etc.) on the nonlinear optical
properties of materials were considered. The characteris-
tics of the surrounding matrix were also the subject of
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numerous investigations. Thus, for example, water [11–
14], silicate glass [1,7–9], BaTiO3 [15], Al2O3 [16,17],
LiNbO3 [18], TiO2 [19] were applied for composite mate-
rial optimization to obtain appropriate values of the
nonlinear optical coefficients. As example, in Table 1,
some published results regarding the third-order nonlin-
ear susceptibilities of various composite materials with
gold nanoparticles in the visible range are collected.

One of the interesting points now is the search for a new
matrix for the creation of composite materials with high
values of nonlinear optical parameters. Recently we
showed the possibility of fabricating a new material,
Cu:ZnO [20], with high value of the nonlinear absorption
coefficient [21,22], which can be used for optical limiting
in the visible spectral range and as an element for reducing
laser intensity fluctuations.

Among the experimental methods used for the investiga-
tion of nonlinear properties of materials, the most comfort-
able and informative is the Z-scan technique [23] which
allows the determination of both the value and sign of c
when other methods, for example, degenerate four-wave
mixing, give information about the absolute value of c
only. In the present paper the Z-scan technique was used
for determining the value and sign of the nonlinear refrac-
tion coefficient and the real part of the third-order nonlin-
ear susceptibility of composite materials consisting of Au
nanoparticles in ZnO.

2. Experimental

2.1. Sample preparation and structure characterization

Au–ZnO composite thin films were prepared on flat
quartz substrates (Nihon Rika Garasu Kogio) using a
radio-frequency (r.f.) co-sputtering technique. During sput-
tering process three pieces of Au wires with a diameter of
0.4 mm of either 1 mm (sample 1) or 3 mm lengths (sample
Table 1
Nonlinear optical properties of Au nanoparticles in different matrices

Matrix kSPR (nm) Laser parameters Investig

Water 525 s = 35 ns, k = 527 nm Z-scan
BaTiO3 690 s = 120 fs, k = 800 nm OKE
ZrO 574 s = 120 fs, k = 800 nm OKE
Silicate glass �550 s = 70 ps, k = 532 nm DFWM
TiO2 647 s = 250 fs, k = 750 nm Z-scan
TiO2 680 s = 200 fs, k = �680 nm DFWM
Al2O3 625 s = 7 ns, k = 532 nm Z-scan

kSPR is the wavelength of surface plasmon resonance maximum, s is the laser
OKE – Optical Kerr effect measurement technique, DFWM – Degenerate fo

Table 2
Nonlinear optical parameters of Au–ZnO composites

Sample SPR maximum (nm) Au atom concentration (atom %)

1 – 7.82
2 540 8.68
2) were placed on a 100 mm diameter ZnO target (10 cm
diameter, 99.99% purity) and sputtered simultaneously at
100 W power in the chamber with 10�2 Torr argon pres-
sure for 1 h. Thus, two samples with different quantities
of deposited gold were fabricated (Table 2). The thick-
nesses of the composite film samples 1 and 2, measured
by a Dektak II profilometer were of 855 and 930 nm
respectively. After deposition they were annealed at
320 �C for 2 h in argon atmosphere.

For transmission electron microscopy (TEM) observa-
tions, the composite films about 25 nm thick were depos-
ited on carbon-coated NaCl substrates and transferred
subsequently to the microscopic copper grids by floating
on water surface. A JEOL JEM2000-FXII electron micro-
scope was used for observing the samples. The composition
of the fabricated films was evaluated through a Perkin–
Elmer (PHI 5600ci) X-ray photoelectron spectroscopy
(XPS) system. A Shimadzu UV–VIS 3101PC double-beam
spectrophotometer was used to record the linear optical
absorption spectra of the samples. Details regarding sam-
ple preparation and properties can be found in [29,30].

2.2. Optical nonlinearity measurements

Among the methods developed for investigating the
nonlinear optical parameters of materials, the Z-scan one
[23] has some advantages over others due to the possibility
of complete measurements of the nonlinear refraction coef-
ficient c. The Z-scan scheme with closed aperture [23] was
used in our experiment for the investigation of nonlinear
refraction in the nanocomposite samples. A frequency-dou-
bled Q-switched Nd3+:YAG laser (pulse duration: s = 7 ns,
wavelength: k = 532 nm, repetition rate: 10 Hz) was used.
The working wavelength is very close to the spectral loca-
tion of the SPR maximum in the samples (see Section 3).
The detailed description of our conventional experimental
set-up is given in [31]. An extra improvement of the equip-
ation method Re[v(3)] (esu) jv(3)j (esu) References

�4.5 · 10�11 – [24]
– 1.3 · 10�10 [25]
– �3.3 · 10�10 [25]
– 2.5 · 10�6 [26]
�1.11 · 10�7 1.1 · 10�7 [27]
– 6.0 · 10�7 [19]
�1.55 · 10�5 – [28]

pulse-width, and k is the laser wavelength.
ur-wave mixing.

I00 (MW cm�2) c (10�10 cm2 W�1) Re[v(3)] (10�8 esu)

9.3 �6.78 �7.58
7.9 �13.1 �14.7
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ment consists in adding a second reference arm having
exactly the same optical path as the closed-aperture detec-
tion arm, except from the sample, in order to reduce the
detection noise stemming from pulse-to-pulse beam point-
ing fluctuations, as proposed in [21]. So, the energy of radi-
ation transmitted through the sample and aperture was
normalized to the energy of incident radiation transmitted
just through the aperture.

The experimental optical conditions were as follows:
beam waist = 50 lm, distance from the focus to the aper-
ture = 90 cm, confocal beam parameter = 1.48 cm, aper-
ture radius = 1 mm.

The off-axis Z-scan experiments took place at the same
conditions as for conventional Z-scan scheme except that
the transverse position of the aperture with respect to the
axis of the beam was changed. The distance from the beam
axis to the aperture center was varied from 4 to 5 mm. To
investigate the temporal characteristics of radiation, fast
photodiode detectors with a response time of �500 ps were
used. The intensity of the laser beam in the lens focus (I00)
was in the range of 6 · 106 to 1 · 107 W cm�2, which is
below the optical breakdown threshold of the present sam-
ples. The experiments were carried out at different radia-
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Fig. 1. TEM micrographs of Au–ZnO nanocomposite films (a) sample 1, an
tion intensities for several times at the same point on the
sample to be sure that there were no structural changes
in materials, what was confirmed from a good reproduc-
ibility of the obtained results.

3. Results

3.1. TEM and linear optical absorption spectroscopy

Fig. 1 shows the TEM micrographs of the samples 1 and
2, prepared with low (Fig. 1a) and high (Fig. 1b) concentra-
tion of Au, respectively. As it can be seen from the figure,
roughly spherical gold nanoparticles are created in the ZnO
matrix by r.f. co-sputtering. XPS results reveal the incorpo-
ration of about 7.8 and 8.7 at.% of Au in the composite
films 1 and 2, respectively. Size of gold nanoparticles varied
from 1 to 30 nm with the maximum at 7.5 nm for sample 1
and from 2 to 28 nm with the maximum at 15 nm for sam-
ple 2.

The linear optical absorption spectra of the samples
investigated are shown in Fig. 2. It can be observed that sam-
ples 1 and 2 exhibit an increased selective absorption in the
region near 540 nm, superimposed on the monotonous
6 20 24 28 32
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d (b) sample 2, along with their size distribution histograms (bottom).
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Fig. 2. Linear optical absorption spectra of the Au–ZnO samples 1 and 2.
The absorption spectrum of ZnO film (840 nm thick) without Au is also
presented as reference.
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Fig. 3. Z-scan profile of the normalized transmittance measured for
(a) sample 1 and (b) sample 2 in the closed aperture Z-scan scheme. Solid
lines are the best theoretical fits (Eq. (1)).
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absorption stemming from interband transitions in gold
nanoparticles. This selective absorption band is due to the
surface plasmon resonance (SPR) that is extra evidence of
Au nanoparticle formation. However, the intensity of this
SPR absorption is obviously higher in sample 2 than in sam-
ple 1. The weak spectral oscillations observed on sample 1
spectrum between 400 and 800 nm originate from light inter-
ferences in the thin films. They are not present in sample 2
due to its high absorption. All these elements indicate that,
even if the metal concentrations are close from one sample
to another, a large part of gold is present in sample 1 as
atoms or very small particles, whereas it is packed into larger
nanoparticles in sample 2. This is confirmed by the examina-
tion of TEM micrographs (Fig. 1), despite the fact that very
small particles cannot be distinguished from the gray back-
ground. Due to higher content of Au in sample 2, the aggre-
gation process on thermal annealing is prominent.

3.2. Nonlinear optical measurements

The results of the measurements of c for both samples
are presented in Fig 3. As can be seen, the profiles show
a maximum of normalized transmittance T(z) before focus
with further minimum after focus, which characterizes a
negative refractive index: both samples exhibit self-defocus-
ing properties [23].

By defining the relative coordinate x = z/z0, z0 being the
diffraction length, the spatial dependence of the normalized
transmission T in the case of nonlinear refraction can be
written as proposed in [23]

T ðxÞ ¼ 1� 4x
ðx2 þ 9Þðx2 þ 1ÞDU0: ð1Þ

z0 ¼ 0:5kw2
0, DU0 = kcI00Leff, k = 2p/k is the wave number,

w0 is the beam waist radius at focus, Leff =
[1 � exp(�a0L)]/a0 is the effective sample length, L is the
real sample length (in our case L is the thickness of the
layer with gold nanoparticles) and a0 is the linear absorp-
tion coefficient, which has been calculated from the absorp-
tion spectra of the samples.

Using Eq. (1) the theoretical curves were fitted to exper-
imental data and the values of c and Re[v(3)] were deter-
mined (see Table 2) using the following expression [23]:

c ¼ 120p2

n2
0c

Re½vð3Þ�; ð2Þ

where c denotes the light velocity in vacuum. In Eq. (2), c is
expressed in cm2 W�1 and Re[v(3)] in electrostatic units
(esu). One can see from the table that the value of c and
Re[v(3)] is higher for the sample with higher gold concentra-
tion. Such a feature was previously observed as reported in
numerous publications, in particular for gold in silica
[10,26] or TiO2 [19].

In order to prove the validity of the conventional
measurements of the sign of nonlinear refractive index pre-
sented in Fig 4 we used the Z-scan technique in the off-axis
configuration [4,32,33]. This technique allows enhancing
the sensitivity of the measurement of c by analyzing the
phase change at the edge of the beam rather than at the
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beam center like in conventional Z-scan [23]. Thus, in
Fig. 4 the T(z) profile is shown for sample 2 in the off-axis
Z-scan configuration One can see from the illustration the
change of the priority of transmission maximum and min-
imum. T(z) maximum for off-axis Z-scan is observed for
positive z values while for conventional Z-scan measure-
ments (Fig 3b) it is in the region of negative z values. This
fact confirms the conventional method result. Indeed, for
off-axis Z-scan the normalized transmittance is measured
in the aperture plane at the beam edge instead of the center.
Diverging light will increase the transmittance for the beam
edge and decrease it at the center. On the contrary, con-
verging light will decrease transmittance at the beam edge
and increase it at the center.

4. Discussion

The sputtered gold in the composite films forms well dis-
persed nanoparticles in the ZnO matrix. The mean size of
the Au particles increases with the gold content in the films.

First, it should be noted that the value of the nonlinear
refractive index for ZnO (c = �0.9 · 10�14 cm2 W�1 [34]) is
much smaller than the determined experimentally here (see
Table 2). So, it shows that optical nonlinearities of the
composite materials investigated originate from gold
nanoparticles.

We now consider possible mechanisms for nonlinear
refraction in our samples. A large contribution to the mea-
sured value of the nonlinear refractive index of composite
materials can stem from a thermal lens effect, especially
for laser pulses with long duration. This effect can be con-
sidered as a result of significant energy transfer from heated
metal nanoparticles to the surrounding dielectric during the
pulse passage [24,35]. The time which is necessary for this
process to settle, stl, can be roughly estimated as the ratio
of the laser beam radius at focus, w0, to the sound velocity
in the dielectric matrix, vs. Taking into account experimen-
tal conditions (w0 = 35 lm, vs = 6590 m s�1 for ZnO [36])
the value of stl is calculated to be 5.3 ns. It means that such
a thermal lens effect may occur significantly at the end of
the pulse passage in the material, since the pulse duration
is 7 ns. It should also be noted that a cumulative thermal
effect can develop if pulsed lasers with high repetition rate
are used (kHz or MHz [37]). However, in our experiments
laser radiation with low repetition rate (10 Hz) has been
used, thus preventing a cumulative thermal effect.

To be sure that the electronic effect in Au nanoparticles is
the main mechanism of nonlinear refraction in composite
samples we have performed the measurements of temporal
characteristics of the radiation transmitted through the sam-
ple and aperture in the off-axis configuration. For this pur-
pose we moved the aperture to 4.5 mm from the axis of laser
beam. This method was applied earlier in experiments with
colloidal gold [24], where a temporal and amplitude shift of
the transmitted pulses was observed. The experimental con-
ditions were the same as the ones used for the results of
Fig. 4. The sample was kept at the region of maximum trans-
mission (see Fig. 4, position z1). The corresponding oscillo-
scope traces are presented in Fig 5. One can see that the only
noticeable change concerns the amplitude of the transmitted
pulse. There is no temporal shift for the transmitted pulse,
which can be the proof of negligible influence of thermal
effect in comparison with electronic one in our experiments.
It should be noted that such measurements were performed
for sample 2 also with the same result.

The third-order nonlinear response of the present com-
posite materials thus mainly originates from pure electronic
effects in gold nanoparticles. These electronic contributions
are due to both intraband and interband transitions. The
first one corresponds to transitions within the conduction
band and the second one to transitions from the upper levels
of the filled d band to the levels above the Fermi level in the
conduction band. Whereas the only intraband contribution
to the nanoparticle intrinsic third-order susceptibility is
thought to be size-dependent, it is dominated by the
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size-independent interband contribution in the SPR spectral
domain [38,39]. In the case where the particles are excited by
ultra-short laser pulses a hot electron phenomenon (also
called Fermi smearing) may superimpose on the pure elec-
tronic nonlinear contributions to v(3) [38]. When using nano-
second pulse-width excitation as in the present experiments,
however, such a contribution is negligible [35,40].

5. Conclusion

The Z-scan method was applied in this work for the anal-
ysis of the nonlinear refractive optical properties of nano-
composite materials consisting of gold nanoparticles
embedded in a zinc oxide matrix. The nonlinear refraction
coefficient and the real part of the third-order nonlinear sus-
ceptibility were determined in the close vicinity of the SPR
maximum using nanosecond radiation produced by a fre-
quency-doubled Nd3+:YAG laser. The value of c was mea-
sured to be �6.78 · 10�10 cm2 W�1 and �13.1 · 10�10 cm2

W�1 for samples 1 and 2, respectively. The corresponding
value of Re[v(3)] is worth �7.58 · 10�8 esu and �14.7 ·
10�8 esu. It was shown that the absolute values of c and
Re[v(3)] are larger for materials having higher gold concen-
tration, below the percolation threshold. On the basis of
investigation of the temporal characteristic of radiation
transmitted through the samples it was possible to deduce
the prevailing influence of electronic Kerr effect in the non-
linear response.
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