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Optical nonlinearity of nanocrystalline Au���ZnO
composite films
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The third-order nonlinear optical susceptibilities, x �3�, of composite films consisting of nanocrystalline Au and
ZnO particles were investigated by use of a degenerate four-wave mixing scheme. The maximum value of
x�3�, measured at a laser wavelength of 532 nm and a pulse duration of 70 ps, was �2 3 1026esu. Also, this
x�3� value was achieved with small absorption (the surface-plasmon peak was at the 615-nm wavelength).
Our composite materials showed no discernible degradation after they were subjected to irradiation for a total
of 3 3 107 high-intensity pulses (24 Mw�cm2, 70-ps pulse duration at 500 Hz) during 16 h of testing. © 2003
Optical Society of America
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Materials with large third-order nonlinear susceptibil-
ity, x�3�, are essential for future optical device applica-
tions.1,2 Composite consisting of metal nanoparticles
(Au, Ag, or Cu) embedded in a dielectric matrix
attracted much attention recently because of their fast
response time and large x �3�, which stem from large lo-
cal field enhancement near the surface-plasmon reso-
nance (SPR).3,4 Several kinds of dielectric materials
have been used as the matrices to further improve the
nonlinearity of metal composites,5 – 8 but the contribu-
tions from the matrices to the nonlinear enhancement
of the composites have usually been neglected because
of the composites’ much smaller x �3� compared with
that of metal particles. Semiconductor quantum dots
are another kind of nonlinear material with a large
value of x �3� as a result of the quantum confinement
effect.3 A common drawback to these two kinds of
composites is the close association of the large x �3�

with resonance absorption, which may cause thermal
damage. For practical application, nonlinear mate-
rials with a large off-resonant value of x �3� are very
important. In this Letter we report an investigation
of the nonlinearity of composite films consisting of
nanocrystalline Au and ZnO particles. This type
of nonlinear thin-film material may be practical for
applications in nonlinear optical devices in the future.

Au�ZnO composite films were prepared in a mul-
titarget magnetron sputtering system, described in
detail elsewhere.5 A Au (99.999%) target and a Zn
(99.999%) target were connected to two independent
rf power supplies, and they were alternately deposited
onto a fused quartz substrate at room temperature.
We introduced oxygen into the deposition system to
form ZnO films. When the pressure ratio of Ar:O2
0146-9592/03/191790-03$15.00/0
was set at 8:2, the growth rates of Au and ZnO were
approximately 0.1 and 0.04 nm�s with sputtering
power of the Au and Zn targets of 25 and 80 W,
respectively. The refractive index of the pure ZnO
films that were obtained was measured to be 1.9
(at the wavelength of 632.8 nm), very close to that
of ZnO crystals ��2.01�.9 The thickness of the Au
layer was �3 nm. After deposition, the Au�ZnO
films were annealed in a program-controlled thermal
furnace for 2 h at a temperature ranging from 300 to
1050 ±C. All the Au�ZnO films used in this Letter,
either before or after thermal annealing, were of the
same Au concentration, �20% in atomic fraction as
measured by x-ray f luorescence spectroscopy.

The powder x-ray diffraction (XRD) method was
applied to characterize the structure of the composite
films (Fig. 1). There is no diffraction peak for either
Au or ZnO in the as-grown film (curve A of Fig. 1).
This indicates that both components were either
amorphous or consisted of very small particles. After
annealing for 2 h at a temperature below 950 ±C,
both components crystallized, and diffraction peaks
emerged (curves B–D). It is obvious that the ZnO
particles may have a textured structure along the
�001� direction. However, with increasing annealing
time (curve E) and temperature (curve F), the ZnO
(001) peak gradually disappeared and a new phase,
Zn2SiO4, formed as a result of the chemical reaction
between ZnO and the quartz substrate.

To investigate the microstructure, we employed
transmission electron microscopy to image the cross
section of the Au�ZnO films. Selected pictures are
shown in Fig. 2. It can be seen that the as-deposited
film has a layer-by-layer structure with a period of
© 2003 Optical Society of America
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Fig. 1. XRD pattern for Au�ZnO composite films. A, the
as-deposited f ilm; the other films are annealed at B, 450 ±C
for 2 h; C, 750 ±C for 2 h; D, 950 ±C for 2 h; E, 950 ±C for
10 h; and F, 1050 ±C for 2 h.

�10 nm, whereas the Au particles are very small
(20–70 nm in diameter) and nearly connected to
form semicontinuous layers (see the white lines in
Fig. 2A). The microstructure can be seen to vary
significantly after thermal annealing (Figs. 2B and
2C). Even when the f ilm was annealed at a tempera-
ture as low as 300 ±C, small particles of crystalline
Au and ZnO began to form (Fig. 2B). When the
annealing temperature was increased to 750 ±C, two
things occurred. First, ZnO from different layers
joined together to form ZnO crystallites, as indicated
in Fig. 2C. Second, Au diffused to the top and the
bottom of the film to form larger particles, leaving only
some smaller Au particles embedded inside and thus
resulting in a wide size distribution of Au particles.
In this case, the interface between the f ilm and the
quartz substrate was still clearly delineated (by the
unlabeled arrow). However, when the annealing tem-
perature was further increased to 1050 ±C (Fig. 2D),
the interface became rough and the Au particles could
be found only at the top surface. A new Zn2SiO4
layer (this composition was confirmed by XRD; see
curve F of Fig. 1) was formed between the f ilm and
the quartz substrate.

Optical absorption spectra were measured by
an ultraviolet–visible spectrometer (Perkin Elmer,
Lambda20) in a wavelength range 300–1000 nm.
The results are shown in Fig. 3. The as-deposited
film was observed to have a light brown color and had
no SPR peak in the visible range (curve A). After
annealing at 300 ±C for 2 h, the f ilm color changed
to purple, with a SPR peak located at 581 nm
(curve B). When the annealing temperature in-
creased to 600–750 ±C, the f ilm appeared a beautiful
blue and the SPR peak redshifted to near 615 nm
(curves C and D) because of the increase in the size of
Au particles. This SPR peak was very close to that
estimated from Mie theory by use of the dielectric
spectra of Au particles. On the other hand, the
SPR peak of Au:ZnO was subjected to a redshift and
broadening compared with that of Au:SiO2 composite
(located at �530 nm),5 because the Au:ZnO composite
had a matrix material (ZnO) with a larger refrac-
tive index and a wide size distribution. Further
increasing the annealing temperature to 950 ±C was
seen to shift the SPR peak back to 592 nm; this shift
was accompanied by a decrease in the optical density
(curve E) as a result of light scattering and further
broadening of the SPR peak caused by the very large
Au particles (larger than 100 nm in diameter). It
should be noted that the small but narrow absorption
peak near 365 nm arose from the exciton absorption of
ZnO nanocrystallites. This peak disappeared in the

Fig. 2. Selected cross-sectional transmission electron mi-
croscopy pictures of the Au�ZnO films at various stages
of annealing: A, as-deposited f ilm; B, annealing at 300 ±C
for 2 h; C, annealing at 750 ±C for 2 h; and D, annealing at
1050 ±C for 2 h.

Fig. 3. Optical density of the Au�ZnO films. Curve A,
as-deposited f ilm; curves B, C, D, E, and F, f ilms annealed
for 2 h at 300, 600, 750, 950, and 1050 ±C.
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Fig. 4. Co-plot of measured x �3� and FOM versus anneal-
ing temperature. The squares represent x �3�, while the
stars denote FOM. The solid and dashed curves are to
guide the eye. Inset, relationship between the annealing
temperature and the particle sizes of Au (circles) and ZnO
(triangles).

film after annealing at 1050 ±C (curve F of Fig. 3), at
the formation of Zn2SiO4 (see curve F of Fig. 1).

The third-order nonlinear susceptibility, x�3�, was
measured at 532 nm by use of a Q-switched and
mode-locked Nd:YAG laser with a pulse duration of
70 ps, a maximum peak power of �24 MW cm22 (the
beam spot was �0.5 mm), and a standard backward
degenerate four-wave mixing scheme. Because of the
smaller optical absorption at 532 nm, our Au�ZnO
films can be subjected to much more intense laser
radiation than Au�SiO2, without suffering any dis-
cernible degradation in their optical properties. The
value of the effective x �3� was measured relative to
that of a reference, CS2, taken to be 2 3 10212 esu in
the picosecond regime.10 During the measurement
of nonlinearity, we noticed that the background of
the signal coming mainly from the light scattering of
the Au:ZnO composite was very small. This small
signal background indicates that our samples can be
regarded as a uniform system, although they had an
inhomogeneous microstructure.

The measured x �3� and the figure of merit (FOM),
x �3��a, are co-plotted versus annealing temperature in
Fig. 4. The as-deposited film (at 25 ±C) has very small
x �3� ��5 3 1028 esu� and FOM ��1.5 3 10212 esu�.
With increasing annealing temperature, both x �3� and
FOM increase to a maximum value at 750 ±C. The
maximum values [x �3� � 1.8 3 1026 esu; FOM,
�9 3 10212 esu] of Au�ZnO films are comparable to
those of Au�SiO2 films measured at their SPR with
the same laser.5 This implies that the Au�ZnO films
have a much larger resonant third-order nonlinearity,
because, first, x �3� of ZnO is two orders of magnitude
larger than that of SiO2,10 and, second, the larger
dielectric constant of ZnO results in a larger local
field factor, which may inf luence the enhancement of
x �3� following a power law. However, with a further
increase in the annealing temperature, the values of
x �3� and FOM were seen to decrease sharply.

The inset of Fig. 4 shows the relationship between
the Au and ZnO particle sizes and the annealing tem-
perature. Here the particle size was acquired from
the XRD peak by use of the Scherrer equation. It can
be seen that the Au particle size increased monotoni-
cally with increasing annealing temperature, whereas
the ZnO particles f irst grew rapidly with increasing
annealing temperature but then remained at �40 nm
for annealing temperatures higher than 650 ±C. Thus
the Au�ZnO film has a maximum x �3� value at an aver-
age Au particle size of �30 nm, very close to the skin
depth of bulk metal Au in the visible range.11 It is
proposed that the relationship between the nonlinear-
ity and the annealing temperature is due to this Au
particle size variation. Further improvement in the
value of x �3� may thus be achieved by narrowing of the
particle size distribution to peak at the optimal size.
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