Three-dimensional hybrid photonic crystals
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Abstract: Localized plasmon resonances are proposed in a new concept of
3D photonic crystals stacked by hybrid rods made of dielectric-cores and
metallic-nanoshells. The resonant plasmon coupling of inner and outer
surfaces of the metallic-nanoshells forms the localized plasmon resonances
which can be flexibly tuned by mediating the dielectric cores. At the
resonance wavelengths, the strong electromagnetic wave-plasmon
interaction leads to the enhancement in the structural absorption by more
than 20 times. The tunability of the enhanced absorption is demonstrated in
experiments.
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1. Introduction
Three-dimensional (3D) metallic photonic crystals (MPCs), either all-metallic [1–6] or
partial-metallic (sometimes called “metallodielectric”) [7–10] MPCs, are artificial structures
formed by arranging metallic elements in three dimensions. Due to the strong discontinuities
of the dielectric function at the metal/air or metal/dielectrics interfaces, 3D MPCs offer
intriguing electromagnetic (EM) properties and important applications such as enhanced
metal absorption [3], modified blackbody radiation [4, 5], ultra-wide complete photonic band
gaps [1, 2, 6], negative refraction [11, 12] and microwave circuits [13]. On the other hand,
plasmonics [14, 15], one of the most important characters in metallic systems, provides a
promising new way to control the photon-matter interaction at a nanometer scale and has wide
applications in high-density optical data storage [16], near-field optics and surface-enhanced
Raman spectroscopy [14]. The major problem in all the current 3D MPCs is that the metallic
rods or metallic layers in those MPCs have been employed with thickness far thicker than the
skin depth of the metals, which excluded the penetration of EM waves into the rods or layers
[1, 10, 17] and resulted in the lack of the plasmonic effects, such as localized plasmon
resonances (LPRs) [18].
Here we propose and study for the first time a new type of 3D hybrid photonic crystal
(HPC) that possesses not only strong photonic band gaps (PBGs) but also significant LPRs
due to the existence of the metallic nanoshells coated on the dielectric rods. The proposed 3D
HPCs merged with LPRs are conceptually different from the spherical nanoshells [19] and
nanovoids [20] in the sense that in the latter cases there are no PBG effects. Moreover, our 3D
HPCs are straightforward for fabrications using the well-established two-photon
polymerization (2PP) technique [7, 21–23] and thus can lead to breakthrough functionalities
of both 3D photonic crystals and plasmonics [24].

#119908 - $15.00 USD Received 12 Nov 2009; revised 11 Feb 2010; accepted 12 Feb 2010; published 19 Feb 2010

(C) 2010 OSA

1 March 2010 / Vol. 18, No. 5 / OPTICS EXPRESS 4492

2. Modelling
2.1 Two-dimensional hybrid rods

Fig. 1. (a, b) Schematic of parallel MRods (a) and HRods (b). The HRod consists of a dielectric
rod (with width w, height h, rod spacing a, refractive index n) and a silver nanoshell (with
thickness Ds). (c, d, e) Schematic of the charge density distributions (top panels) and snapshots
of the calculated E-field (linear scale, bottom panels) in the cross-section for an MRod (c) and
an HRod (d, e) at the noted frequency. The distributions of the E-field correspond well to the
charge distributions. HRod parameters: w=240 nm, h=2.5w (for all calculations in this article),
a=1 µm, Ds=10 nm and n=1.56. MRods are calculated based on the HRod parameters by
replacing dielectrics with silver. All simulation results in this paper are carried with the
software package CST Microwave Studio. For simplicity, we use silver with permittivity
described by the Drude model with plasma frequency ωpl=1.37×1016 s−1 and collision
frequency ωcol=8.5×1013 s−1 [7].

The principle of hybrid rods (HRods) that are used to form the 3D HPCs are shown in Fig. 1.
Figure 1(a), 1(b) shows parallel elliptical metallic rods (MRods) and HRods, respectively.
HRods, as illustrated in Fig. 1(b), can be formed by coating ultra-thin silver nanoshells (Ds
~10-20 nm) on elliptical dielectric rods and are the basic elements to form 3D HPCs. It is well
known that when p-polarized light interacts with a metal/dielectric interface, charge density
oscillations are introduced as plasmons [14, 15]. In the case of MRods [Fig. 1(a)], the
resultant plasmons are difficult to form resonances due to the lack of confinement [Fig. 1(c)].
However, for the HRods, plasmons can be coupled from the outer surfaces to the inner
surfaces of the nanoshells due to the small thickness which is comparable with the skin depth
(~22 nm at wavelength 1.5 µm by calculation [25]). Due to the close loop of the rod crosssection, the surface charges which are localized on the inner and outer surfaces of the
nanoshells form ring-cavity-like plasmon resonances [Fig. 1(d)]. As a result, the localized
electric-field (E-field) can be formed inside the HRods.
Figure 1(c), 1(d) (bottom panels) shows the simulated E-field distributions around an
MRod and an HRod under the same light excitation, respectively. The E-field maps (bottom
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panels) confirm that the E-field cannot exist within an MRod as expected but can exist inside
an HRod at certain resonance frequency. It is this internal E-field that facilitates the charge
distribution on the inner and outer surfaces of the nanoshells as illustrated in Fig. 1(c), 1(d)
(top panels), which verifies the excitation of LPRs in HRods. It should be mentioned that
higher-order LPRs at higher frequencies also exist, as pictured in Fig. 1(e). At the LPR
frequencies/wavelengths, due to the back and forth coupling between EM waves and
plasmons as well as the coupling between plasmons on the inner and outer surfaces of the
nanoshells, the EM wave-plasmon interaction in HRods is significantly enhanced. As a result,
the absorption of HRods can be greatly enhanced at the LPRs.

Fig. 2. (a) Calculated absorption spectra of the HRods (solid line) and MRods (dashed line)
with the same parameters in Fig. 1c-e. Inset: Center wavelength (λc) of the 1st order LPR
versus the dielectric rod width (w) for a=1 µm, w=240 nm, Ds=10 nm, n=1.56. (b) Calculated
LPR absorption spectra of HRods with different w as noted. For the different values of w, the
ratio h/w is kept constant at 2.5. Variations in peak values are less than 1.2%. Other calculation
parameters are the same as those in (a). Here the absorption is simply defined as 1-R-T, where
R and T are the calculated reflection and transmission intensities. The calculated reflection and
transmission intensity spectra are determined from the reflection and transmission coefficients,
respectively, which are obtained with the CST software package.

The corresponding absorption spectra of the HRods in Fig. 1(c), 1(d) are displayed in
Fig. 2(a). It indeed shows that two LPR-enhanced absorption channels emerging at the
corresponding LPR wavelengths, where the enhancement factors are ~82 and ~83 at the 1st
and 2nd order LPR wavelengths, respectively, compared with the absorption of the MRods.
The higher-frequency or higher-order LPRs are very useful to create multiple absorption
channels and advantageous to extend the operating wavelengths to the visible wavelength
range. However, to simplify the analysis, we consider only the 1st order LPR in the following
discussion.
It is important to point out that the position of the LPR is extremely sensitive to the rod
parameters. As shown in the inset of Fig. 2(a), the LPR wavelength (λc) can be linearly tuned
from 1.1 to 6.0 µm by increasing the rod width w from 80 to 800 nm, while the strength of the
LPR absorption remains constant [Fig. 2(b)]. Similarly, increasing the refractive index of the
dielectric cores or decreasing the silver shell thickness (Ds) will also result in the increase of
λc (not shown). However, our simulations show that the LPR becomes negligible for Ds >60
nm, which is mainly caused by the weak plasmon coupling between the inner and outer
surfaces as Ds is 2-3 times of corresponding skin depth. This is the main reason why the LPRs
have never been discovered in all the current 3D MPCs [1, 2, 10, 17].
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2.2 Three-dimensional hybrid photonic crystals

Fig. 3. (a, b) Schematic of a 3D MPC (a) and a 3D HPC (b) of four layers with an in-plane rod
spacing of a and a four-layer height of c (c=1.414a). In following simulations, the incident
light is linearly polarized perpendicular to the first-layer rods. (c, d) Calculated reflection
(circle) and absorption (solid line) spectra of a 3D MPC (c) and a 3D HPC (d). Inset:
Calculated spatial distribution of the amplitude of the E-field inside a 3D MPC and a 3D HPC
at wavelength 1.73 µm (the cross-sections are perpendicular to the first-layer rods and the
outlines of the rods are denoted by the dashed lines; the field amplitude is normalized to the
color bar in the inset of Fig. d). Simulation parameters of the HPC: a=1 µm, w=200 nm, Ds=20
nm, n=1.56; the MPC is based on the corresponding HPC by replacing dielectrics with silver.

Figure 3(a), 3(b) illustrates the schematic of 3D woodpile MPC and HPC structures of a facecentered-cubic geometry. Due to the existence of LPRs in HRods, the E-field inside the 3D
HPC is strongly localized at the LPR wavelength [see the inset of Fig. 3(c), 3(d)], while at
other wavelengths the HPC behaves similarly as the MPC (not shown). As a result, the 3D
HPC shows significant spectral differences compared with the 3D MPC. As shown in
Fig. 3(c), the 3D MPC has a high reflection region above wavelength 1.6 µm and a band edge
region at wavelength 1.45 µm, where an enhanced absorption channel is created due to the
slow light effect [3]. Impressively, in addition to the enhanced absorption peak at the band
edge, there exists an LPR-enhanced absorption peak in the 3D HPC. This peak absorption
(Amax) reaches 0.59 at wavelength 1.73 µm [Fig. 3(d)], which is ~12 times of the absorption of
the MPC and ~23 times of the absorption of a 20-nm silver film, respectively, at wavelength
1.73 µm. Meanwhile, the density of this absorption channel, defined as Amax/WFWHM (WFWHM is
the full width at half maximum of the absorption channel), is enhanced by ~29 times
compared with the absorption channel at the band edge of the MPC.
One unique feature of our 3D HPCs is that the positions of the LPR and the PBG of the
structure can be “independently” tuned by the dielectric refractive index of the rods and the
rod spacing, respectively. As shown in Fig. 4(a), the LPR wavelength (λc) is tuned from the
left side to the right side of the band edge by increasing the refractive index from 1.0 to 1.56,
resulting in the red-shift of λc by ~730 nm. It is noticed that the absorption peak at the band
edge does not change with the dielectric refractive index because it results from the PBG
effects [3] that are only dependent on the periodic metallic part. On the other hand, the
strength of the LPRs is enhanced by the PBGs of the 3D HPCs. To demonstrate the PBG
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effect in this aspect, we directly compare the enhancement in Amax when the simulated
structure is changed from a 2D HRod array to a 3D HPC. Figure 4(b) illustrates this
absorption enhancement, i.e. Amax-HPC/ Amax-HRod, as a plot of λc which is linearly tuned by
changing the refractive index. This wavelength-dependent change in the absorption
enhancement unambiguously reflects the PBG effects on the strength of the LPR-enhanced
absorption. Particularly, the absorption enhancement reaches a maximum at the low-energy
band edge of the 3D HPC while it approaches a minimum at the high-energy band edge
[Fig. 4(b)]. The effect of the PBG is further manifested by tuning the rod spacing a. As shown
in Fig. 4(b), when the band edge positions (as noted by the arrows) blue-shift with decreased
a, the absorption enhancement curve shifts correspondingly towards shorter wavelengths.
Apart from the refractive index of the dielectric rods, the thickness of the silver nanoshells
and the filling ratio (w/a) of the dielectric rods also play very important roles in engineering
the LPR-enhanced absorption of HPCs (not shown). For example, by decreasing Ds to 8 nm
(a=1 µm, w=160 nm, n=1.4), the LPR-enhanced absorption can reach as high as ~0.93.

Fig. 4. (a) Calculated absorption spectra of 3D HPCs for different refractive indices (n) of the
embedded dielectrics at 1.0, 1.2 and 1.56. Inset: Typical reflection spectrum of a HPC. The
band edge region is distinguished as a high-energy edge (H point, corresponding to the band
edge in Fig. 3(c)] and a low-energy edge (L point). (b) Absorption enhancement [Amax-HPC/AmaxHRod) between 3D HPCs and 2D HRods as a function of the LPR wavelength (λc) under
different rod spacing a. Amax-HPC and Amax-HRod are the LPR-enhanced absorption of 3D HPCs
and 2D HRods, respectively. The value of λc (bottom axis) and the corresponding enhancement
factor are obtained when n (top axis) is tuned, which follows a linear relation by
λc=0.0134+1.317n. The single-headed and double-headed arrows indicate the wavelength
positions of the high-energy (H) and low-energy (L) band edges of the 3D HPC, respectively.
The wavelength- and lattice-dependent absorption enhancement clearly illustrates the PBG
effects on the LPR-enhanced absorption. Calculation parameters: w=250 nm, Ds=20 nm.

3. Experiments
The proposed LPR-merged 3D HPCs can be fabricated by applying the versatile metallization
methods [7–10, 26,27] on 3D dielectric PC (DPC) templates generated with the sophisticated
direct laser writing techniques [7, 21–23]. We demonstrate this feasibility by firstly
fabricating a 3D DPC with the 2PP technique [21] and subsequently coating the DPC with an
ultra-thin silver layer through an electroless silver deposition process [27]. As shown in
Fig. 5(a), a silver layer (with averaged effective thickness of ~15 nm) has been clearly
deposited on the surfaces of a fabricated 3D polymeric woodpile PC. As a result, the
reflection spectrum of the 3D HPC in Fig. 5(b) shows a high reflection region at longer
wavelengths which represents the band gap characteristic of 3D MPCs and a “dip” within the
high reflection region which indicates the existence of the LPR at wavelength ~1.7 µm.
Moreover, the absorption peak at this wavelength is enhanced by approximately 7.3 times
compared with that of a silver layer. This feature is consistent with the theoretical simulations
[Fig. 5(c)] in terms of the position and depth of the “dip”. The deviation of the measured
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reflection and absorption spectra from the calculations is caused by the averaging effect in
measurements [28], the roughness of the silver layers, and the scattering losses. In addition,
the tunability of the LPR is further illustrated in Fig. 5(d), where the LPR wavelength is
monotonically tuned by ~240 nm when simply increasing the dielectric rod width by ~82 nm
while keeping the lattice unchanged. It can be seen that for the three HPCs, HPC(II) shows a
more pronounced absorption peak than the others. This is because the LPR of the HPC(II) is
located at the low-energy band edge of the HPC [as shown in Fig. 5(b)], where the maximal
absorption enhancement occurs [as illustrated in Fig. 4(b)]. When the width of the dielectric
rod is changed, the position of the LPR is tuned away from the corresponding low-energy
band edges, which results in the drop of the absorption enhancement [Fig. 4(b)] and thus the
decrease in the strength of the absorption peak. It should be mentioned that here the bulk
properties of the metal have been expressed by the Drude model which characterizes the free
electrons in metal as damped harmonic oscillators. The damping causes the oscillating
electrons to dissipate energy over their mean decay time. For the localized plasmon
resonances in our cases the energy dissipation may become severe by the damping effect
which could effectively result in nonradiative decay (Ohmic loss) in the form of heating. This
may be beneficial to the studies including modified blackbody radiation [4] and efficient
thermophotovoltaic emitters [5, 26] and can be measured by strict photoacoustic spectroscopy
[1].

Fig. 5. (a) SEM image of a 3D polymeric woodpile DPC after the electroless silver deposition
process [24]. Silver particles were nucleated on the surfaces of the DPC to form a 3D silver
HPC. Inset: close view of the DPC and the HPC. (b, c) Measured and calculated reflection and
absorption spectra of the 3D silver HPC in (a). Simulation parameters are a=0.9 µm, w=360
nm, h=510 nm, Ds=15 nm (in average), n=1.47, ωpl=1.37×1016 s−1, and ωcol=1.7×1014 s−1, which
fit best with our experimental conditions. (d) Experimental absorption spectra of 3D HPCs
with different dielectric rod width as noted. The value of λc is tuned from 1.51 µm to 1.75 µm
when the rod width increases from 305 nm to 387 nm. The spectra are vertically shifted for
clear display.
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4. Conclusions
In summary, we have both theoretically and experimentally demonstrated the concept of 3D
HPCs. The resonant plasmon coupling of inner and outer surfaces of the metallic-nanoshells
in 3D HPCs forms the LPRs which strongly interact with external field. Consequently, the
structural absorption of the 3D HPCs can be enhanced by more than 20 times and can be
widely tuned in spectra by mediating the dielectrics. The LPR-merged 3D HPCs can be
immediately applied to a wide range of broadband tunable nanophotonic devices including
surface enhanced Raman sensors [14, 15], 3D metamaterials [7] and energy harvesting
systems [18, 24]. A straightforward study will be on the high-efficiency low-temperature
thermophotovoltaics [26]. In addition, the strongly localized E-field inside the rods of HPCs
provides a unique environment to explore optical nonlinearity and emission control [29] if the
dielectric rods are functionalized [28, 30].
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