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Third-order nonlinear optical responses of a heterostructure composed of a planar thick silver film

combined with a truncated all-dielectric photonic crystal are studied experimentally. Both open- and

closed-aperture Z-scan measurements show a large nonlinear response within the metallic structure

using a nanosecond laser. Compared with metal–dielectric photonic crystals with the same thickness of

metal, the effective nonlinear optical response of heterostructure can be amplified nearly 3 times of the

magnitude, due to the enhancement of fields in the metal under the tunneling mechanism. This

configuration containing an isolated flat metal film has particular applications in reduced dimensions,

such as surface sensor and microscopy.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The exploration of surface plasmon polaritons (SPPs) was stimu-
lated by various novel applications based on the metallic micro-
structure [1–3]. Because the propagation constant is greater than the
wave vector in the dielectric, SPPs on metal’s surface are commonly
excited in near-field excitation configurations, such as prism cou-
pling [4,5]. But these schemes inevitably lead to increased losses and
scattering, which reduces the SPPs propagation length and increases
background radiation [6]. Far-field excitation schemes, such as
coupling at gratings and nanoscopic defects, can overcome these
restrictions, but the influence between the metallic microstructure
and introduced surface structure still cannot be eliminated. Based on
very strong nonlinear response of metal (for example, the third-order
nonlinear susceptibility of gold is over 3 orders of magnitude larger
than that of lithium niobate) [7], a free-space excitation scheme was
proposed for direct SPP excitation on flat surfaces of bulk metals [8].
However, for free-space excitation, the conversion efficiency is still
low due to the high reflection of metals.

Recent theoretical investigations have shown that the non-
linear excitation of SPPs can be enhanced noticeably by utilizing
tunneling modes [9]. Tunneling mode is a type of interface mode
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existing in the heterostructure with thick metallic film and
truncated photonic crystal. In contrast to conventional SPPs, the
tunneling modes have in-plane wave vectors less than the wave
vector of light in vacuum, which allow far-field propagating
radiation to couple into the metal [10,11]. Similar to SPP modes,
the electromagnetic (EM) fields of tunneling modes are localized
on the surface of the metal, which enhances the nonlinear effect
greatly [12,13]. Furthermore, this planar geometry is particularly
conducive to nonlinear excitation of SPP. Nevertheless, it is neces-
sary to demonstrate experimentally the nonlinear properties of the
tunneling modes in the heterostructure. In this paper we study
experimentally the nonlinear optical response of the heterostructure
using the Z-scan technique. To characterize the nonlinear response
of the heterostructure, we compare it with a common metallic
structure to be applied for nonlinearity of metals [14–16], i.e. a one-
dimensional metal–dielectric photonic crystal (1D –MDPC). Our
results show that nearly 3 times magnitude enhancement of non-
linear response could be observed.
2. Experiment and result

The heterostructure is modulated to (CD)6MS, where metal M
is chosen to be silver while dielectrics C, D and substrate S are
selected to be SiO2, TiO2 and K9 (a kind of glass), respectively.
In the (CD)6MS, the thicknesses of metal, SiO2 and TiO2 are 50 nm,
sponse of a planar thick metal film combined with a truncated
0.1016/j.optcom.2012.07.095
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Fig. 2. Open-aperture Z-scan normalized transmittance illuminated by nanose-

cond pulses at 540 nm. The solid line is the curve fitted (red/blue) to the

experimental data (red J and blue &) of the sample (CM)2CS and (CD)6MS using

Eq. (1)., respectively. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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92 nm and 50 nm, respectively. The MDPC is modulated to
(CM)2CS, where the thicknesses of metal and SiO2 are 25 nm
and 128 nm, respectively. For comparison, the total thickness of
metal layers within MDPC is the same as that of the hetero-
structure. All samples are prepared by the electronic beam
evaporation technique and their scanning electron microscope
images are shown in Fig. 1(a) and (b).

An ultraviolet–visible–near infrared spectrometer is used for
spectral measurements of (CD)6MS and (CM)2CS, which is shown in
Fig. 1(c) and (d). The absorbance is calculated from A¼1–R–T, in
which R, T and A are the reflectance, the transmittance, and the
absorbance, respectively. The numerical results are obtained by
means of the transfer-matrix method [17]. The wavelength of
tunneling mode is designed at 538.2 nm (denoted by l0) in (CD)6MS
with R¼0.03%, T¼41.09% and A¼58.88%. For the real structure, the
wavelength of tunneling mode appears at 540 nm, and R, T, and A at
the wavelength are 9%, 36%, and 55%, respectively. All spectra are
scanned with the minimal oblique angle 51, and such a small angle
means that tunneling modes can be even excited with a negligible
tangential wave vector. Meanwhile, (CM)2CS also exhibits consider-
able transparency at the 540 nm. The measured values of R, T, and A

at 540 nm are 15%, 62%, and 23%, respectively.
The nonlinear response of these structures is characterized using

a typical open/closed-aperture Z-scan system under identical experi-
mental conditions. In the experiments, a Continuum Panther-EX
optical parametric oscillator (OPO) was utilized, pumped by the
third harmonic (355 nm) from a Continuum Surelite II Nd:YAG laser,
producing a pulsed laser with wavelength of 540 nm, a repetition
rate of 10 Hz and a pulse duration tp of �5 ns. The beam waist o0

at focus is about 22 mm. The pulse energy e0 is 1.6 mJ, which is far
from the damage threshold of silver. At every position, an average of
50 incident pulses that were within 75% fluctuation was taken by a
computer.

The open-aperture Z-scan data for two samples are shown in
Fig. 2. The curves show the nonlinear transmittance as a function of
the sample distance Z from the waist plane of a Gaussian beam,
which is normalized by the linear transmittance measured far from
the waist. In the open-aperture Z-scan, the curve comprises a
normalized transmittance valley, indicating the presence of non-
linear response. The nonlinear response may be regarded as multi-
plication between the effective third-order nonlinear absorption
coefficient bð3Þef f and the effective lengthLef f , and can be evaluated
from the open-aperture Z-scan normalized transmittance by the
Fig. 1. (a) and (b) are SEM images of (CD)6MS and (CM)2CS, respectively, (c) and (d) sho

between numerical values (solid lines) and measured values R (red &), T (blue $), A (ye

The refractive indices of silver at wavelength 300 nm, 400 nm, 500 nm, 600 nm, and

respectively. (For interpretation of the references to color in this figure legend, the rea
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TðzÞ ¼
Xþ1

m ¼ 0

f�bð3Þef f Lef f I0=½1þðz=z0Þ
2
�g

m

ðmþ1Þ3=2
ð1Þ

for 9bð3Þef f Lef f I09o1, where Lef f ¼ ð1�e�aLÞ=a L is the sample length
and a is the linear absorption coefficient. At 540 nm, the linear
absorption coefficient a in (CD)6MS and (CM)2CS can be accessed
from Fig. 1. In addition, I0 ¼ 2e0=p3=2o2

0tp is the laser intensity at
the waist plane (z¼0) and z0 ¼ po2

0=l is the diffraction length of
the beam. For both structures studied, the parameters bð3Þef f of the
theoretical curve were fitted to the experimental data at I0¼

23.747 MW/cm2 and m¼1. The nonlinear enhancement factor Z
is defined as the ratio of the change in nonlinear transmission of
two structures dT (dT � bef f Lef f I0) at the waist plane, i.e. Z¼
dT
ðCDÞ6MS=dT

ðCMÞ2CS. Thus, the deeper valley within the (CD)6MS
reveals a larger positive nonlinear absorption response under the
same total thickness of Ag (the nonlinearity of dielectric can be
ignored). At this particular wavelength and power, one finds that
the dT of the (CD)6MS is close to 26% whereas it reaches just 8% in
the (CM)2CS, corresponding to an enhancement factor of nearly 3.

To obtain more details of the nonlinear optical response of the
heterostructure, we exhibit the normalized closed-aperture
Z-scan sample transmittance in Fig. 3. The transmission curves
w reflectance, transmittance, and absorbance of (CD)6MS and (CM)2CS: comparison

llow J). The parameters are nC(SiO2)¼1.46, nD(TiO2)¼2.16 and nS(K9 glass)¼1.52.

700 nm are 1.51þ i0.96, 0.17þ i1.95, 0.13þ i2.92, 0.12þ i3.73, and 0.14þ i4.52,

der is referred to the web version of this article.)
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Fig. 3. Closed-aperture Z-scan normalized transmittance of the sample (CM)2CS

and (CD)6MS (red J and blue &) by nanosecond pulses at 540 nm., respectively.

(For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Fig. 4. (a) and (b) are distributions of intensities of EM in the sample (CD)6MS and

(CM)2CS at the wavelength of 540 nm with the parameters in Fig. 1 when the

silver’s loss is not taken into account, respectively. The materials in the structure

are shown as follows: SiO2 (pink), TiO2 (green) and Ag (yellow). (For interpretation

of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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do not reveal the typical peak and valley profile which is usually
observed in the case of weakly absorbing materials and photonic
bandgap materials [18,19]. Even so, the distinct variation of
closed-aperture transmission curve indeed indicates significant
nonlinear response in the heterostructure. As known, at the beam
waist, the change of nonlinear transmission in closed-aperture
Z-scan is still attributed to the nonlinear absorption. In Fig. 3, at
the waist plane, the dT of the (CD)6MS is close to 15% whereas in
the (CM)2CS it reaches only 5%, corresponding to an enhancement
factor of 3. In addition, a thermally driven transmission change
would shift the whole transmission spectrum through thermal
variations of the refractive index. However, at a low repetition
rate (10 Hz) and low intensities (23.747 MW/cm2) in our experi-
ments, the contribution coming from thermally induced nonli-
nearities can be neglected.
3. Discussion

When the nonlinear contribution of the dielectric is negligible
compared to that of the metal, the effective third-order nonlinear
susceptibility is given by [20]

wð3Þef f ðoÞ ¼ w
ð3Þ
m ðoÞ

ð1=VÞ
R

m9Eloc9
2
E2

loc dV

9E09
2
E2

0

ð2Þ

It can be found that the effective third-order susceptibility

wð3Þef f ðoÞ results essentially from the susceptibility wð3Þm ðoÞ of the

metal, and that it may be strongly enhanced through the amplifica-
tion of the linear local electric field Eloc within the metallic
component for the metal–dielectric composite material. As shown
in Fig. 4, the electromagnetic energy is mostly localized around the
interface between the PC and the silver film in the (CD)6MS, and the

integral
R

m9Eloc9
2
E2

loc dV is 3581, where E0 is the applied electric field

and is supposed to be 1. By comparison,
R

m9 Eloc9
2
E2

locdV in (CM)2CS

is only 851 since the nodes of the intensity are located at each thin
silver layer, which limits the enhancement of the nonlinear optical
effect. The enhancement factor could be predicted as 4.2.

These results show that light can be efficiently coupled into
the metal and thereby the nonlinear response can be significantly
increased through embedding metallic layer(s) in dielectric matrices
properly. For the tunneling mode in heterostructure studied in this
work, the key ability is to couple the far-field propagating light into
the metal without any microstructure and retain strong local fields
near the surface of the metal. A peculiarity of the MDPC structure is
that it can exhibit large nonlinearities with reasonable transmittance
Please cite this article as: H. Lu, et al., Enhanced nonlinear optical re
photonic crystal, Optics Communications (2012), http://dx.doi.org/1
because of the nodes of the electrical field located at each metal layer.
As seen in Fig. 1, the transmittance for the (CM)2CS is higher than
(CD)6MS at the incident wavelength of 540 nm. In general, increase of
field strength in the metal means decrease of transmission because
more energy passes through the metallic material. Thus for an
optimally tuned structure some trade-off exists between transmis-
sion and effective nonlinear response. In other words, if the distribu-
tion of EM fields in the MDPC structure is changed at the expense of a
part of transparency, MDPC may have a larger nonlinear response,
larger than even that of a heterostructure. However, the hetero-
structure is particularly simple because there is only an isolated flat
metal film and thus the momentum conservation in nonlinear
multiphoton process will not be influenced by the translational
variance. More importantly, the interface local fields similar to SPP
in heterostructure can boost the nonlinear conversion efficiency
between the tunneling mode and SPP mode.
4. Conclusion

In conclusion, by using the Z-scan technique, we have experi-
mentally demonstrated the effective third-order nonlinear optical
response of heterostructure composed of a planar thick metal film
and truncated all-dielectric PC at the tunneling wavelength
540 nm of nanosecond pulses. Our experimental studies revealed
that for the particular heterostructure discussed in this letter one
could achieve nonlinear response as much as 3 times larger than
that of MDPC consisting of the same thickness of metal. The
finding that freely propagating incident radiation can access the
optical nonlinearity of flat metals will promote development of
surface nonlinear optics and extend the nonlinear applications of
an isolated metal film, such as surface-enhanced nonlinear four-
wave mixing.
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