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The energy transfer between nano-particles is of great importance for, solar cells, light-emitting

diodes, nano-particle waveguides, and other photonic devices. This study shows through novel

design and algorithm optimization, the energy transfer efficiency between plasmonic and dielectric

nano-particles can be greatly improved. Using versatile designs including core-shell wrapping,

supercells and dielectric mediated plasmonic scattering, 0.05 dB/lm attenuation can be achieved,

which is 20-fold reduction over the baseline plasmonic nano-particle chain, and 8-fold reduction

over the baseline dielectric nano-particle chain. In addition, it is also found that the dielectric nano-

particle chains can actually be more efficient than the plasmonic ones, at their respective optimized

geometry. The underlying physics is that although plasmonic nano-particles provide stronger cou-

pling and field emission, the effect of plasmonic absorption loss is actually more dominant resulting

in high attenuation. Finally, the group velocity for all design schemes proposed in this work is

shown to be maintained above 0.4c, and it is found that the geometry optimization for transmission

also boosts the group velocity. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901325]

I. INTRODUCTION

Research in plasmonics is attracting a considerable in-

terest1–6 since it allows to engineer innovative photonic and

optoelectronic devices. Among various novel plasmonic

applications, the energy transfer between plasmonic nano-

particles (NPs) is a peculiar phenomenon that has been found

since 2003.7–9 The fact that the coupling of the optical field

can be tailored below the diffraction limit makes it very

promising for various photonic applications.9,10 Recently,

dielectric nano-particles are also shown to be capable of ini-

tiate energy transfer through Mie scattering,11 but it is gener-

ally believed in these studies,11 dielectric nano-particle

chains are less efficient than metallic ones due to the lack of

plasmonic field emission. In this work, it is going to show

that through proper design and optimization, dielectric nano-

particle chains can be even more efficient than metallic ones.

This observation is not surprising, if the literature for solar

cell optics12–14 is reviewed. In these works, it has been found

that the enhancement of the photovoltaic effect for plas-

monic and dielectric nano-particles is of the same amount. In

addition, if the nano-particles are placed at the front side of

solar cells, dielectric nano-particles are actually far more ef-

ficient. As long as the energy transfer efficiency can be

improved for plasmonic and dielectric nano-particles, the

application to solar cells, photodectors, photonic crystals,

and nano-particles waveguides (NPWG) will become more

practical. Since NPWG is the most relevant photonic appli-

cation for NP chains, in this study, it is used as an example

to show the effect of various novel designs. Once the energy

transfer efficiency in NPWG can be improved, the proposed

design strategies can easily be applied to other photonic

applications using NPs.

Two issues remain for NPWG. One is the choice of

dielectric or metallic nano-particles. While metallic NP ini-

tiates surface plasmons (SPs), it also suffers from SP absorp-

tion. On the other hand, dielectric NPs does not suffer from

severe absorption, but the lack of SP emission may make the

design more complicated. Another issue for NPWG is the

high attenuation loss for NP chains. Unlike conventional me-

tallic slab or dielectric slab waveguides where the optical

wave is well-confined in the guiding structure, the waveguid-

ing of NPWG generally counts on the Mie mode coupling

between NPs in free space. This results in very high attenua-

tion factors. In order to reduce this attenuation loss and

improve the practicability of NP chains for photonic devices,

versatile design schemes and geometry optimization is inevi-

table. In this works, several new design schemes are

employed to improve the energy transfer efficiency for NP

chains, and pronounced results are observed.

II. PROBLEM SET-UP AND ENHANCED ENERGY
TRANSFER FOR NANO-PARTICLE CHAINS

The basic structure of SP and dielectric NP chains are

first investigated where NPs are placed in a straight line.

Their attenuation factors are calculated as the baseline for

the compassion afterward. The spacing and the sphere diam-

eter are adjusted by genetic algorithm to maximize the

energy transfer efficiency. Aperiodicity is also included in

the study, to explore the possibility of aperiodic NP chain for

waveguiding.

The second structure is the core-shelled structure. The

core-shelled design can be incorporated into both plasmonic

and dielectric NPWGs. The advantage of core-shelled struc-

ture for SP NPs is the better trade-off between scattering and

absorption cross sections, compared to the unwrapped basic

metallic NP chains. The trade-off is due to the fact that the

dielectric wrapping can generally decrease the plasmonica)email: dtd5746@gmail.com
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absorption. Care should be taken since the decrease of SP

absorption can also lead to decreased SP emission. For

dielectric NP chains, the core-shelled design consists of inner

dielectric core and outer dielectric wrapping. It is found in

this work that the advantage of core-shelled structure also

exists for purely dielectric NP chains due to adiabatic cou-

pling between core-shelled dielectric NPs.

The third versatile design is through the concept of

super-cells to further increase the design flexibility.

Supercell design has been proved to be effective in photonic

crystals such as photonic defect modes or coupled cavity

waveguides (CCW) and coupled resonator optical waveguide

(CROW).15,16 The arrangement of the NPs in supercell is the

key to increasing the transmittance through the NP chain.

The fourth structure under study is dielectric-mediated

surface plasmonic energy transfer where the interlaced

placement of dielectric and plasmonic NPs is proposed. The

mixture of dielectric and plasmonic Mie scattering is turned

out to be very efficient for NPWG application. The hybrid

design is actually a very promising route for plasmonic pho-

tonics. This is due to the fact that plasmonic NPs normally

provide stronger field emission while dielectric NPs can pro-

vide zero absorption loss. The well-optimized hybrid design

can utilize the advantages of both dielectric and SP

nano-particles while minimizing the adverse effects. The

advantage over the second design, i.e., dielectric wrapped

plasmonic NPs, is the simpler fabrication for interlaced

hybrid design.

Genetic algorithm is chosen as a global optimization

algorithm due to its success in different fields of science and

engineering,17–20 and the advantage that it does not require

initial guesses. The material parameters are from Rsoft mate-

rial database21 and the refractive index for dielectric NPs is

nr¼ 3.5 unless otherwise specified. The calculation method

is based on eigen mode propagation (EMP) implemented by

Rsoft ModeProp. The polarization is p-polarization in two-

dimensional (2D) simulation domain to study the effect sur-

face plasmon. Generalization to three-dimensional NPWG is

trivial based on the study and design scheme presented here.

The 2D design, however, has the advantage of simpler semi-

conductor processing and simpler integration into optoelec-

tronic integrated circuits (OEIC). The choice of waveguide

operation wavelength is 1 lm. For dielectric NP chain, the

selection of wavelength is un-important due to the geometry

scalability of dielectric NP design for different target wave-

lengths. For plasmonic NP chains, the selection of wave-

length should be within the plasmonic emission wavelength

of a specific metallic material. The scalability of plasmonic

waveguide using the same material is more difficult since the

metallic dielectric response is generally not a constant for

different wavelength ranges. For different wavelength appli-

cation, different plasmonic materials have to be used for

NPWGs. Silver nano-particles have been known to be capa-

ble of the surface plasmon emission over the visible and near

infrared range22–24 so 1 lm is chosen here for SP NPWG.

The visible wavelength k¼ 560 nm is also conducted for ba-

sic SP nano-particle chain, similar to.7–9 The energy transfer

after geometry optimization is slightly less efficient than

k¼ 1000 nm.

III. BASELINE DESIGN FOR PLASMONIC AND
DIELECTRIC NANO-PARTICLE CHAINS

It is illustrative to examine the basic design of nano-

particle chains for plasmonic and dielectric energy transfer.

The schematics are illustrated in Fig. 1. The sphere diameter

and the spacing are the key parameters since this affects the

Mie mode excited and the mode coupling efficiency between

NPs. In Fig. 1, aperiodicity is also possible where the spacing

between each nano-particle is adjusted individually to maxi-

mize the energy transfer efficiency through the NPWG.

Nonetheless, based on our study, the aperiodic design does

not have a significant impact on the transmittance for

NPWG. The physical reason is that the waveguiding is, in

fact, a periodic phenomenon, and therefore introducing aper-

iodicity does not have much physical meaning as far as

waveguiding is concerned. The optimized geometry for basic

periodic NP chain is dS¼ 210 nm, D¼ 201 nm for plasmonic

NP chain and dS¼ 194 nm, D¼ 194 nm for dielectric NP

chain. Silver is used for plasmonic NPs, and nr¼ 3.5 is

assumed for dielectric NPs. The attenuation factor is 0.95db/

lm for plasmonic NPWG and is 0.45db/lm for dielectric

NPWG. Compared to the literature,11,25 the attenuation fac-

tors are around the same order. The attenuation of NPWG is

generally higher compared to other waveguide structures

including photonic crystal waveguide,15,26,27 coupled pho-

tonic crystal cavity waveguides,15,16 conventional index-

guided waveguide,15,26,27 metallic waveguides,28 and etc.

This is due to fact that the confinement by solely NPs in free

space is not sufficient for efficient waveguiding.

Nonetheless, advantage associated with NPWG is that sim-

pler and smaller geometry. This is especially obvious when

NPWG is compared to photonic crystal based devices such

as photonic crystal waveguides15,26,27 or photonic crystal

coupled-cavity waveguides15,16 where an entire arrays of

nano-particles is necessary. From the thorough geometry

optimization in this study for both plasmonic and dielectric

NPWGs, it is observed that the dielectric one can provide

FIG. 1. Illustration of the basic NP chain for plasmonic NPs and dielectric

NPs and the geometrical parameters to be optimized. Aperiodicity is also

possible to be incorporated into NPWG design.
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lower attenuations, due to the absence of plasmonic absorp-

tion. Fig. 2 shows the field profile plots for continuous wave

(CW) energy transfer at design wavelength (1 lm).

IV. CORE-SHELLED STRUCTURES: DIELECTRIC-
WRAPPED PLASMONICS AND ADIABATIC MODE
COUPLING

In Fig. 3, the core-shelled design is introduced to further

decrease the attenuation factor for nano-particle chains. For

the plasmonic design, the wrapping of the metallic NPs by a

dielectric spacer can generally decrease the surface plasmon

absorption loss. For the dielectric design, the core-shelled

design incorporates two dielectric materials whose refractive

index is different and adjusted independently during optimi-

zation. The thickness of the dielectric wrapping for the plas-

monic NP chain should be adjusted carefully in order to

achieve the maximal energy transfer where the balance

between plasmonic absorption and emission is achieved. For

the dielectric NP chain, the improvement in energy transfer

efficiency is due to the adiabatic mode coupling where the

refractive-index-change becomes less abrupt and therefore

attain low attenuation.

The optimized geometry for core-shelled NP chain is

dS¼ 298 nm, D¼ 300 nm, d¼ 270 nm for the plasmonic NP

chain. The optimized geometry dS¼ 285 nm, D¼ 300 nm,

d¼ 126 nm for the dielectric NP chain, and the optimized re-

fractive index is 1.85 for the outer dielectric material (wrap-

ping) and 2.83 for the inner dielectric material (core). Since

in optimization, the freely adjusted index for core and wrap-

ping dielectric does not guarantee the index is high to low

from core to wrapping, the optimized result, i.e., higher

index for core and lower index for wrapping, reveals the adi-

abatic mode coupling is the most efficient way for dielectric

NPWG. The gradual change of refractive index is the key to

achieving better coupling between adjacent dielectric NPs.

This is similar to adiabatic coupling in graded index anti-

reflection coating for solar cells. The attenuation factor is

0.24 db/lm for plasmonic NPWG and is 0.21 db/lm for

dielectric NPWG. The improvement in attenuation factor is

about 4-fold reduction for plasmonic design, and about 2-

fold reduction for dielectric design, compared to the baseline

design in Sec. III. Fig. 4 shows the field profile plots for CW

energy transfer at design wavelength (1 lm).

V. SUPER-CELL DESIGN FOR DIELECTRIC
NANO-PARTICLE WAVEGUIDES

In Fig. 5, the supercell design is incorporated into dielec-

tric NP chains to further increase the energy transfer

efficiency. The idea of supercell is conceptually similar to

multi-atomic molecules where more than one atom exists in a

molecule. The mathematical reason why the energy transfer

in NP chains can be more efficient with the supercell design

is that more design variable and flexibility is available,

achieving larger searching space in genetic algorithm optimi-

zation. The geometry parameters to be adjusted include the

nano-particle diameters in a supercell, the vertical and hori-

zontal spacing between the NPs in a supercell, and the spac-

ing between each supercell. Intuitively, the adjustment of dV

seems to control the vertical energy coupling between NP3

and NP4, and the adjustment of dH seems to controls the hori-

zontal coupling between NP1 and NP2. In fact, from the cal-

culation and optimization, it can be seen that most efficient

FIG. 2. The Hy field for basic (left) plasmonic nano-particle waveguides and

(right) dielectric nano-particle waveguides.

FIG. 3. Illustration of core-shelled design. (Left) Plasmonic NPWG and the

geometrical parameters to be optimized. The silver sphere is wrapped by a

dielectric material. (Right) The adiabatic dielectric NPWG design.

FIG. 4. The Hy field for basic (left) plasmonic nano-particle waveguide with

core-shell design and (right) dielectric nano-particle waveguide with core-

shell design.
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mode coupling is through the path NP4 to NP1/NP2 to NP3.

As a result, the purpose of adjusting dV and dH in a unit cell

is to maximize the energy transfer efficiency through this

two-step process. Physically, the intermediate scattering sites,

i.e., dielectric nano-particles NP1 and NP2 strengthen the

coupling between NP3 and NP4, compared to the baseline

case where only direct vertical coupling between NP3 and

NP4 is possible. This is illustrated by the arrows in Fig. 5 and

evident from the field plot for Ex in Fig. 6(b). The optimized

geometry for supercell design for dielectric NP chain is

D1¼ 183 nm, D2¼ 185 nm, D3¼ 190 nm, D4¼ 190 nm,

H¼ 298 nm, V¼ 265 nm, and dS¼ 200 nm. The attenuation

factor is 0.05 db/lm. The improvement in attenuation factor

is 8-fold reduction, compared to the baseline dielectric design

in Sec. III. Fig. 6 shows the field plots for CW energy transfer

for the design wavelength (1 lm) and for higher order propa-

gation modes (0.5 lm).The higher order mode nature is evi-

dent from observing the field profile within the dielectric NP

where two anti-nodes exist.

VI. DIELECTRIC-MEDIATED PLASMONIC
SCATTERING FOR PLASMONIC NANO-PARTICLE
WAVEGUIDES

Fig. 7 shows the design of a hybrid plamsonic-dielectric

NP chain. The concept of supercell is also incorporated into

this hybrid design. Plasmonic design of all kinds inevitably

suffers from the problem of plasmon absorption loss.

Dielectric wrapping as presented in Sec. IV is one way to

mitigate this problem. Another more versatile design is using

a hybrid plasmonic-dielectric Mie mode scattering where the

dielectric and plasmonic NPs are interlaced to initiate energy

transfer. The interlaced hybrid scheme has the advantage of

simpler fabrication over the dielectric wrapped plasmonic

NPs in Sec. IV. The schematics and geometrical parameters

to be optimizeded are also illustrated in Fig. 7. This includes

the diameters of the dielectric and metallic nano-particles,

the vertical (dV) and horizontal spacing (dH) within a unit

cell, and the spacing between each unit cell (dS). The dielec-

tric nano-particles NP1 and NP2 can aid the energy transfer

by providing intermediate light scattering sites. This is illus-

trated by the arrows in Fig. 7 and evident from the field pro-

file plots in Fig. 8(b). In order to fully utilize these

intermediate sites, the geometry has to be carefully opti-

mized where genetic algorithm is very useful. Physically, the

hybrid plasmonic and non-plasmonic Mie scattering can ini-

tiate energy transfer in NP chains with less plasmonic

absorption. This is easy to conceive since the number of me-

tallic nano-particles is reduced by inserting dielectric nano-

particles into the design. Ideally, the hybrid design may pro-

vide the most efficient energy transfer by possessing the

advantage of both dielectric and metallic nano-particles, i.e.,

low absorption for dielectric NPs and strong plasmonic field

emission for metallic NPs. Nonetheless, compared to the

FIG. 5. Illustration of dielectric NPWG with super cell design and the geo-

metrical parameters to be optimized by genetic algorithm.

FIG. 6. The field profiles for the

dielectric NPWG with supercell design

(a) Hy field at design wavelength

k¼ 1 lm (b) Ex field at design wave-

length k¼ 1 lm (c) Hy field at higher

order propagation modes k¼ 0.5 lm.
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optimized result in Sec. V, the hybrid design here does not

provide a comparably low attenuation factor. This observa-

tion is consistent with what is reported in Sec. III. In Sec. III,

it is shown that for the baseline design of NP chains, the

dielectric one provides lower attenuation after full geometri-

cal optimization. The optimized geometry for the dielectric-

mediated plasmonic NP chain in this section is D1¼ 161 nm,

D2¼ 136 nm, D3¼ 172 nm, D4¼ 141 nm, H¼ 300 nm,

V¼ 150 nm, dS¼ 276 nm, and the optimized refractive index

for the interlaced dielectric NPs is 2.06. The attenuation fac-

tor is 0.25db/lm. The improvement in attenuation factor is

4-fold reduction, compared to the baseline plasmonic design

in Sec. III. Fig. 8 shows the field plots for CW energy

transfer for the design wavelength (1 lm) and below cutoff

(2 lm). From the field plot in Fig. 8, the emitted photon from

plasmonic NP3 is coupled to dielectric NP1 and NP2, and

then the forward diffracted photons from dielectric NP1 and

NP2 is coupled to plasmonic NP4.

VII. PULSED EXCITATION AND WAVEGUIDE GROUP
VELOCITY

Table I shows the group velocity of different nano-

particle chains. The calculation of group velocity is by pulse

excitation using finite different time domain (FDTD) method

as illustrated in Fig. 9. Waveguide group velocity is of par-

ticular important for passive photonic or active optoelec-

tronic application. This is due to the fact that the group

velocity determines the energy flow velocity while the phase

velocity in general has less physical meaning. From Table I,

the group velocity can be maintained above 0.4c, close to the

highest value reported in literature.8 The high group velocity

here is not a coincidence, and it is the result of the optimiza-

tion with respect to the attenuation factor or transmittance.

For the case of plasmonic nano-particles, it is not very diffi-

cult to conceive the idea that the optimization of group ve-

locity and transmittance is actually quite the same thing.

This is due to the fact that if the light pulse can move through

the NP chain faster, the absorption in SP NPs can be signifi-

cantly reduced. On the contrary, if the group velocity is slow,

the absorption will be significant, similar to the case of the

slow-light enhancement for solar cell light trapping. In the

case of purely dielectric design, if the light pulse can move

faster, the escaping power into the lateral direction, i.e., beam

divergence, will be minimized. As a result, the optimization of

transmittance and group velocity is still along the same line.

Fig. 10 shows the spectral responses for various NPWGs

in this paper. Since the optimized propagation modes in this

study are fundamental modes for various designs, at shorter

wavelength below 1 lm, higher order mode will in general

be excited along the NP chains. Nonetheless, the higher

order modes of NPWG for a specific geometry, is generally

not of decent waveguiding. This is due to the geometry is

optimized for the fundamental modes. This is evident from

FIG. 8. The field profiles for the plas-

monic NPWG with interlaced dielec-

tric nano-particle (a) Hy field at design

wavelength k¼ 1 lm (b) Ex field at

design wavelength k¼ 1 lm (c) Hy

field below cutoff k¼ 2 lm.

FIG. 7. Illustration of plasmonic NPWG with interlaced dielectric and plas-

monic nano-particles and the geometrical parameters to be optimized by

genetic algorithm.
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the field profile for k¼ 0.5 lm in Fig. 6 in Sec. V where

the propagation of the electromagnetic power decreases sig-

nificantly along the NP chain. The significant attenuation at

higher order modes for NPWG is due to the fact that the

waveguiding in NPWG is by successive Mie mode coupling.

This is drastically different from conventional dielectric or

metal slab waveguides where higher order modes can also

propagate with attenuation not very different from

TABLE I. Comparison of attenuation factors and group velocities for different NPWG.

Light trapping structure Plasmonic baseline Dielectric baseline Plasmonic core-shell Dielectric core-shell

vg (m/s) 0.51c 0.44c 0.52c 0.49c

Attenuation factor, a (db/lm) 0.95 0.45 0.24 0.21

Light trapping structure Plasmonic-Dielectric Hybrid Dielectric supercell

vg (m/s) 0.47c 0.44c

Attenuation factor, a (db/lm) 0.25 0.05

FIG. 9. The pulsed excitation for vari-

ous NPWG structures in this study.

Group velocity (vg) can be extracted

from the pulsed excitation study by

knowing the total traveling time for the

pulse and the distance traveled along

the NP chain.

FIG. 10. The spectral responses for the

various NPWG designs. (Left) plas-

monic based designs. (Right) dielectric

based designs.
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fundamental modes. In order to operate at shorter wave-

length, scaling of the optimized geometry can be conducted.

Nevertheless, care should be taken that for plasmonic

NPWG, the dielectric response of a metallic material can

vary significantly over the spectrum, and the scaling of the

geometry should be accompanied by re-selection of plas-

monic materials. For excessive long wavelength, the guiding

of NPs will gradually become inefficient. This is resulted

from the fact that the wavelength is much larger than the NP

diameters, and thus the waveguiding is deteriorated.

VIII. CONCLUSION

Versatile designs of different NPWG configurations are

examined in this work. Specifically, the core-shelled design

for plasmonic NPWG enhances the energy transfer by reduc-

ing the plasmonic absorption. On the other hand, the core-

shelled design for dielectric NPWG enhances the forward

diffraction and thus promotes the Mie coupling between the

dielectric NPs. On the other hand, the enhanced energy trans-

fer for supercells design is through adding additional energy

transfer paths for NP chains. For the dielectric-mediated

plasmonic NPWG, the interlaced dielectric NP increases the

mode coupling and reduces the plasmonic absorption loss by

hybrid plasmonic-dielectric Mie scattering. The attenuation

factor after geometry optimization is 0.21 dB/lm for dielec-

tric NPWG using core-shelled design, and 0.24 dB/lm for

plasmonic NPWG using core-shelled design. On the other

hand, the attenuation factor after geometry optimization is

0.05 dB/lm and 0.25 dB/lm, for supercelled dielectric

NPWG and for dielectric-mediated plasmonic NPWG,

respectively. Therefore, as a whole, the lowest attenuation

factor achieved in this work is by using supercelled dielectric

NPWG, and it is 20-fold reduction compared to the baseline

plasmonic NPWG, 8-fold reduction compared to the baseline

dielectric NPWG. Finally, it is found that while plasmonic

NPs can generally initiate very strong field emission, a well-

designed dielectric NPWG can be more efficient than

plasmonic ones due to zero plasmonic absorption. In addi-

tion, it is also found that the geometrical constraints for high

transmittance and high group velocity are actually very simi-

lar, and this results in the fact that geometry optimized for

high energy transfer rate also leads to high group velocity.
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