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An investigation is made on the optical nonlinear characteristics of MgF2 films containing Cu nanoparticles.
When the Cu volume fraction is 0.1, at approximately εm + 2εd = 0, the film exhibits a strong third-
order optical nonlinear refractive coefficient of 1.0×10−9 cm2/W, a nonlinear refractive index of about
−4.0×10−7 esu, a third-order optical nonlinear response of about 6.8×10−8 esu, and a figure of merit
of about 1.0×10−11 . The result shows that the film may have potential applications in optoelectronic
technology.
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According to the Mie[1] and Maxwell-Garnett[2,3] the-
ories, the maximum third-order optical nonlinear re-
sponse for a metal/dielectric particle system occurs very
close to the surface plasmon resonance (SPR) absorption
peak. Therefore, by coordinating material parameters
and wave frequency, optical bistability can be achieved
in metal/ceramic composite particle films. Such cermet
particle films are generally formed by randomly embed-
ding metal nanoparticles in a ceramic matrix. As the em-
bedded metal nanoparticles are influenced by the strong
three-dimensional (3D) domain confinement of the di-
electric barrier, they exhibit an enhanced third-order op-
tical nonlinear response.

Some researches have shown that a number of cermet
particle films with Au, Ag, Cu, Sn, and Ni nanoparti-
cles embedded in a glass, SiO2, or Al2O3 matrix have
a strong third-order nonlinear optical response[4−11]. It
is reported that MgF2 films containing Au, Ag, and
Cu nanoparticles have a prospective application in 3D
CD-ROM[12], while Ag-BaO films show ultrafast tran-
sient optical response[13] and optical bistability has been
achieved in Au-SiO2 films and Ag-CdS films[5,14]. We
used a z-scan apparatus and an ultraviolet-visible (UV-
vis) spectrophotometer to characterize the optical ab-
sorption properties of the films[15]. The result shows that
the films also possess strong third-order optical nonlinear
response and SPR absorption. Similarly, they may have
promising applications in optical information storage and
high-speed switching devices for optical communication.

The films were prepared by radio frequency (RF) mag-
netron co-sputtering. The composite target was made
by sticking Cu strips (99.99% purity) onto a MgF2 tar-
get (99.99% purity). The Cu volume fraction of the film
can be calculated by

qM =
xmMρDSMD

xmMρDSMD + mDρM

, (1)

where qM is the Cu volume fraction; mM and mD are
the molar masses of Cu and MgF2, respectively; ρM and
ρD are the densities of Cu and MgF2, respectively; SMD

is the ratio of Cu sputtering yield to that of MgF2, with
an experimental value of 7.9; and x is the ratio of ex-
posed Cu area to that of MgF2. The composition of the
films prepared in this manner is very close to the design
values[16].

In our experiment, the films were prepared onto pure
carbon film, Si(111), and quartz substrates, respectively,
at room temperature. The film thickness, monitored by
a quartz oscillator, was 600 nm. After deposition, all the

Fig. 1. (a) TEM bright-field micrographs and (b) electron
diffraction patterns of MgF2 films containing different Cu
fractions. (a1), (b1): 10 vol.%; (a2), (b2): 20 vol.%; (a3),
(b3): 30 vol.%.
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Fig. 2. Optical absorption spectra of MgF2 films containing
Cu nanoparticles.

Fig. 3. T (z)-z curve of MgF2 film containing 10 vol.% Cu.

films were annealed in a high vacuum (< 8×10−3 Pa) at
200 ◦C for four hours.

A JEM-100SX transmission electron microscope
(TEM) was employed to examine the microstructure of
the films. The TEM bright-field micrographs of MgF2

films containing 10, 20, and 30 vol.% Cu are shown in
Figs. 1(a1)−(a3), and the corresponding electron diffrac-
tion patterns for the films are shown in Figs. 1(b1)−(b3).
As shown in Figs. 1(a1)−(a3), the size of Cu particles
increases with the increase in Cu fraction. Size analysis
shows that the mean sizes of Cu particles for MgF2 films
containing 10, 20, and 30 vol.% Cu are 12, 20, and 24
nm, respectively. No self-aggregating effect can be ob-
served for the Cu nanoparticles. For Figs. 1(b1)−(b3),
indices of the Debye-Scherrer rings from inside to out-
side are arranged as follows: MgF2(110), MgF2(111),
Cu(111), MgF2(210), Cu(200), Cu(220), MgF2(211), and
MgF2(220). This suggests that the films are composed
of a polycrystalline MgF2 matrix with embedded face-
centered cubic (fcc) Cu nanoparticles.

A Shimadzu UV-240 UV-vis spectrophotometer was
used to analyze the optical absorption of the films over
200−900 nm. Figure 2 shows the optical absorption spec-
tra of the films. From the spectra, it can be seen that
the SPR absorption peaks of Cu nanoparticles occur at
λ1=578 nm, λ2=588 nm, and λ3=606 nm for MgF2 films
containing 10, 20, and 30 vol.% Cu, respectively. Based
on the Mie theory, the SPR peak for the film should oc-
cur around 540 nm[15]. Obviously, the experimental SPR
absorption peak red-shifts as Cu fraction increases.

In Fig. 2, the absorption edge (λ <300 nm) is caused
by the Cu free electron absorption and electron inter-
band transition in the films. We have analyzed the effect
of Cu particle in the films on interband transition[17].
When the Cu volume fraction qM is 0.1, 0.2, and 0.3, the

energy gap Eg is 4.38, 4.18, and 4.00 eV, respectively.
It is obvious that the energy gap decreases with the in-
creasing Cu volume fraction.

A z-scan apparatus was employed to characterize the
optical nonlinearity of the films. For the experiments,
we used ∼15 ns, ∼0.2 mJ pulses at 532 nm multiplica-
tion wavelength from a Q-switched YAG laser. Using a
200 mm focal length lens, the laser beam was focused to
the spot size of approximately 26 µm in diameter. The
beam diameter on the receiving plane was 5 mm, and the
aperture diaphragm diameter was 3 mm.

The relation between the sample transmittance T (z)
and the position z for the film containing 10 vol.% Cu
is illustrated in Fig. 3. From the figure, it can be seen
that with the movement of the film along the z direc-
tion, a transmittance peak occurs about 35 mm away
from the focal point in the positive z direction. This in-
dicates that a strong nonlinear absorption exists for the
film. The difference in transmittance between the peak
and the valley ∆TP−V = 0.002 can be obtained from the
curve. Through the location of the peak and the valley,
it can be deduced that the film has a negative nonlinear
refractive index. This indicates that such films have self-
defocusing properties, which means the light intensity in
the optical axis of the distant field strengthens with the
movement of the sample along the negative z direction.

The nonlinear refractive coefficient γ, the third-order
nonlinear refractive index n2, and the third-order nonlin-

ear optical response X
(3)
R for the nanoparticle film can be

calculated by putting the z-scan experimental data into
the following equations[18]:

γ =
∆TP−V

0.406(1 − s)0.25KI0Leff
, (2)

X
(3)
R =

n2
0

0.0395
γ, (3)

n2 =
cn0

40π
γ, (4)

where s = 1 − exp(−2r2
a/ω2

a) denotes the linear trans-
missivity of the aperture diaphragm, ra is the radius of
the aperture diaphragm, and ωa is the beam radius of
the receiving plane; Leff = (1 − e−αL)/α is the effective
thickness of the film sample, α is the linear absorption
coefficient of the sample (6.5× 103 cm−1), and L is the
actual film thickness (600 nm); c is the speed of light
in vacuum; K = 2π/λ is the wave vector, λ is the laser
wavelength; I0 is the peak power (2.3×106 W/cm2) of
the laser pulse; and n0 is the linear refractive index of
the film sample. In Eqs. (2)−(4), γ is in the unit of
cm2/W, and n2 is in the unit of esu. By putting the ex-
perimental data into Eq. (2), we obtain γ ≈ 1.0×10−9

cm2/W. Next by putting γ ≈ 1.0×10−9 cm2/W and
n0=1.65, as given by the literature[19] into Eqs. (3) and
(4), we get XR

(3)
≈ 6.8×10−8 esu, n2≈ −4.0×10−7 esu,

and the figure of merit XR
(3)/α≈1.0×10−11. These re-

sults are slightly smaller than the results for Cu/glass
films [4] (XR

(3) =3.5×10−6 esu) and Cu/Al2O3 films[8]

(XR
(3)=2.4×10−7 esu). The investigation for the opti-

cal nonlinear characteristics of the films containing a Cu
fraction other than 10 vol.% is still underway.

In summary, the optical nonlinear characteristics of the
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films with different Cu fractions are studied using the z-
scan method. When the Cu volume fraction qM=0.1,
at approximately εm + 2εd = 0, the film exhibits a
strong third-order optical nonlinear refractive coefficient
γ≈1.0×10−9 cm2/W, a nonlinear refractive index n2≈

−4.0×10−7 esu, a third-order optical nonlinear response
χR

(3)
≈6.8×10−8 esu, and a figure of merit χR

(3)/α ≈

1.0×10−11. This indicates that such films may have
promising applications in optical information storage and
high-speed switching devices for optical communication.
The fact that the maximum third-order optical nonlin-
ear response for the films occurs very close to the SPR
absorption peak of Cu nanoparticles reveals that the in-
terband transition of Cu nanoparticles plays a major role
in the third-order optical nonlinear response.
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