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  1.     Introduction 

 Optical signals have undisputable advantage over electronic 
ones for data transmission, providing incomparably higher data 
transfer rates and enabling modern communications technolo-
gies. The implementation of optical communication principles 
on the nanoscale and integrating nanophotonics into electronic 
circuitry can in turn boost data transfer rates between and 
within electronic chips. This will resolve the problem of the 
electronic interconnect bottleneck which impedes the develop-
ment of modern electronic chips and circuitry due to inability 
of nanosacle electric conductors to provide high bandwidth. [ 1–3 ]  
Furthermore, optical data processing can occur at much faster 
rates in comparison with the characteristic speeds in the 
modern electronics, [ 4–6 ]  which creates a potential for the devel-
opment of ultra-fast switching and routing optoelectronic com-
ponents. These ideas of integrating optical data circuits in the 
existing electronic chips or even the development of all-optical 
information-processing in integrated circuits stumble however 
at the problem of size of photonic waveguides and components: 
due to the diffraction of light, the optical signal cannot be local-
ized in a region of space much less than approximately  λ /2 n , 
where  λ  is the wavelength of light and  n  is the refractive index 
of the waveguide material. Therefore, with all the advantages 
of conventional photonic circuits, their integration level has 
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one to two orders of magnitude mismatch 
with that of electronic chips: hundreds 
of nanometers in Si photonics vs. tens of 
nanometers in modern electronic chips. 
Nevertheless, one can design photonic 
components based on metallic nanostruc-
tures, the so-called plasmonic components, 
which can trap optical fi eld by coupling 
it to free-electron excitations near a metal 
surface on the length scales comparable to 
the sizes of electronic interconnects. [ 7 ]  

  1.1.     Plasmonics and Nanoscale Optical 
Circuitry 

 Plasmonics makes use of coupling between 
electromagnetic waves and free-electron 

excitations at the interface between negative permittivity mate-
rials such as metals (or degenerate semiconductors) and positive 
permittivity dielectrics. [ 8,9 ]  In different geometries, plasmonic 
excitations manifest themselves as localized surface plasmons 
(LSPs) supported by metallic nanoparticles [ 9–12 ]  or propa-
gating surface waves, surface plasmon polaritons (SPPs) on 
an extended metallic interfaces (e.g., fi lms or nanowires). [ 7,8,13 ]  
Their unique properties associated with high electromagnetic 
fi eld confi nement and consequent fi eld enhancement near the 
conductor’s surface [ 14,15 ]  have long attracted signifi cant atten-
tion in chemical [ 16,17 ]  and biosensing due to the strong refractive 
index sensitivity [ 18,19 ]  as well as surface enhanced Raman scat-
tering. [ 20,21 ]  Nonlinear optical processes, which are proportional 
to the higher orders of the electric fi eld, are also dramatically 
boosted due to the plasmonic fi eld enhancement. [ 22,23 ]  The exam-
ples include the enhancement of Kerr-type nonlinearity, [ 24–27 ]  
harmonic generation, [ 23,28,29 ]  and four-wave mixing [ 30 ]  in metal 
nanostructures and surrounding dielectrics, self-focusing and 
SPP-soliton formation, [ 31 ]  and many others. Taking on the above 
properties, plasmonics offers a unique opportunity to combine 
the speed and the bandwidth of nanophotonics with the inte-
gration level of the electronics [ 32 ]  and provide superior active 
functionalities leading to the development on nonlinear nano-
photonic components. 

 Based on this idea, numerous geometries for SPP wave-
guides have been proposed, covering a broad range of fi eld 
confi nement levels. Due to the presence of the plasmonic 
fi eld in metal and consequent Ohmic losses, SPP waveguides 
introduce signal attenuation. Generally, there is a trade-off 
between these two parameters: the higher the confi nement, 
the larger portion of the electromagnetic fi eld is localized in 
metal leading to the higher losses and the stronger signal 
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attenuation. Long-range surface plasmon polariton modes, 
supported by thin (typically less than 20 nm) metallic stripes 
in symmetric environment ( Figure    1  a), have the longest propa-
gation length (defi ned as the distance after which the inten-
sity drops  e  times), which can reach centimeter range at the 
telecommunication wavelengths, paying the price of low con-
fi nement (several micrometers) which does not beat dielectric 
waveguides. [ 33,34 ]  Such long propagation length is the result of 
interplay between the plasmonic oscillations at the top and the 
bottom interfaces of the stripe, resulting in the mode with the 
electromagnetic fi elds pushed out of the metal and therefore 
decreased Ohmic losses. A typical example of the plasmonic 
modes which broke below the diffraction limit, but still have 
a reasonably long propagation length (on the order of 100 μm) 
are channel plasmon polaritons (Figure  1 b). [ 35 ]  Here, the mode 
in the groove is formed by coupling of the plasmonic oscilla-
tions propagating along its opposite sides. Several approaches 
have been used to localize the plasmonic mode in truly 
nanoscale dimensions, with typical propagation lengths of tens 
of micrometers. Metal–dielectric–metal SPP mode (Figure  1 c) 
has the same nature as the channel mode but offers much 
stronger confi nement [ 36 ]  having no limitation on a dielectric 
gap thickness (planar waveguides with 3 nm gaps have been 
experimentally demonstrated). [ 37 ]  Plasmonic mode propagating 
along a metallic nanowire [ 38–40 ]  (Figure  1 d,e), which can be 
considered 1D charge oscillations, has no cut-off: the smaller 
the wire diameter, the stronger the fi eld confi nement. Coupled 
plasmonic oscillations in metallic nanoparticles arranged to 
form a chain waveguide, produce a highly localized plasmonic 
mode (Figure  1 f). [ 41 ]  Signifi cant improvement of guiding char-
acteristics was achieved in hybrid [ 42 ]  plasmonic waveguides, 
where the mode is produced by coupling a plasmonic mode 
with a photonic mode of high refractive index ridge waveguide 
separated from a metal surface by a low refractive index spacer 
(Figure  1 g). Recently, plasmonic metamaterial-based wave-
guides have been shown to produce highly confi ned modes of 
bulk plasmon–polaritons. [ 43,44 ]   
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 Figure 1.    Different types of SPP waveguides. a) Long-range SPP waveguide. Reproduced with permission. [ 45 ]  Copyright 2004, Optical Society of America. 
b) Channel SPP waveguide. Reproduced with permission. [ 46 ]  Copyright 2008, Optical Society of America. c) Metal–dielectric–metal SPP waveguide. 
Reproduced with permission. [ 36 ]  Copyright 2005, Optical Society of America. d) SPP mode of a cylindric metallic nanowire. Reproduced with per-
mission. [ 47 ]  Copyright 2004, Optical Society of America. e) SPP mode coupling and propagation in a metal stripe waveguide. Reproduced with per-
mission. [ 39 ]  Copyright 2009, The American Physical Society. f) Plasmonic waveguide formed by a chain of metallic nanoparticles. Reproduced with 
permission. [ 48 ]  Copyright 2003, The American Physical Society. g) Hybrid plasmonic waveguide. Adapted with permission. [ 42 ]  Copyright 2011, The 
Macmillan Publishers Limited.
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increase the SPP propagation length. The basic idea here is 
to replace the dielectric at the SPP-guiding interface with the 
lasing medium, [ 45,49 ]  which can amplify the signal upon stim-
ulated emission into the SPP mode. An essential increase of 
the propagation length has been demonstrated with free-space 
optical pumping of quantum dot [ 50 ]  or dye [ 51 ]  doped media or 
semiconductor structures, [ 52 ]  while all-plasmonic amplifi ca-
tion (where the pumping signal is also an SPP wave) has been 
realized in Er-ion-doped gain medium. [ 53 ]  As an alternative 
approach, electric pumping has been proved to be a very effi -
cient and practically feasible approach providing full loss com-
pensation. [ 54 ]  Ultimately, these efforts led to the demonstration 
of optically-pumped [ 55–58 ]  or electrically-pumped [ 59 ]  plasmonic 
lasers. Investigation of other amplifi cation-related phenomena, 
such as exited-state dynamics near the metal surface, [ 49,60 ]  
which defi nes peculiarity of SPP amplifi cation and modulation 
speed, and amplifi ed spontaneous emission of SPPs [ 61 ]  have led 
to better understanding of the underlying processes. 

 A complete set of plasmonic circuit elements mimicking 
traditional dielectric photonic components have been dem-
onstrated, such as bends, splitters, etc. In order to exploit the 
advantage of signal multiplexing for broadband data transmis-
sion, wavelength-selective plasmonic components, such as 
Mach–Zehnder interferometers (MZIs), waveguide-ring reso-
nators (WRRs) and Bragg gratings have been developed. [ 7 ]  The 
functional plasmonic circuitry was further investigated which 
included active switching components. [ 62–68 ]  Particularly, an 
implementation of nanoscale electro-optic effects matching the 
plasmonic mode confi nement has led to the realization of plas-
monic switching components of the size of on-chip electronic 
components. [ 69 ]  An additional advantage of the plasmonic 
guiding schemes is the possibility of sending both electric 
and photonic signals along the same circuitry, thus naturally 

incorporating electrically-controlled nodes in the plasmonic 
circuits. In the pursuit of even more ambitious goal of fully-
functional all-optical circuitry, plasmonic switching by optical 
means has been demonstrated on femtosecond time scales. [ 70 ]  
Finally, the realization of SPP sources [ 71–74 ]  and detectors, [ 75–77 ]  
completes the development of self-contained fully-functional 
plasmonic circuitry.  

  1.2.     Dielectric-loaded Plasmonic Waveguides and Competing 
Technologies 

 One of the important types of the plasmonic waveguides for 
achieving active functionalities is dielectric-loaded SPP wave-
guides (DLSPPWs), formed by a dielectric ridge on the metal 
surface ( Figure    2  ). The dielectric results in a higher refractive 
index for a SPP wave at the metal-dielectric interface compared 
to that at the metal-air interface, giving rise to SPP modes 
bound by the dielectric stripe in a way similar to the confi ne-
ment of guided light modes in conventional optical fi bers or 
planar dielectric waveguides. DLSPP waveguides provide a 
sought-for trade-off between subwavelength confi nement and 
the propagation loss. High effective index contrast between 
the mode and the unguided SPP wave at the metal-air inter-
face as well as light in the surrounding space leads to good 
guiding properties of DLSPPWs. This allows bending and split-
ting waveguide elements to be just a few micrometers in size 
at telecommunication wavelengths. The decisive advantage of 
DLSPPW compared to other SPP waveguide types is that the 
dielectric ridge can be easily functionalized to provide thermo-
optical, electro-optical, or all-optical functionalities, which can 
be used for the development of active nanophotonic compo-
nents. [ 78 ]  Several industry-standard approaches, such as UV 
photolithography, [ 79 ]  direct laser writing, [ 80–82 ]  nanoimprint, [ 83 ]  
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 Figure 2.    a) Top: cross section of a DLSPP waveguide. Bottom: scanning electron microscopy (SEM) image of the DLSPP waveguide fabricated by 
deep-UV lithography (top view). b) Abs( E y  ) fi eld profi le of a fundamental TM 00  SPP mode in a 600 nm × 600 nm DLSPP waveguide at λ = 1550 nm. 
c) Dispersion of a TM 00  SPP mode. d) Simulation setup overlayed with the I E y   I fi eld distribution in a straight DLSPP waveguide. e) Vertical component 
of the electric fi eld  E y   and power fl ow component  P z   along the center of the waveguide at a distance of 10 nm from the metal surface. Adapted with 
permission. [ 86 ]  Copyright 2008, the American Physical Society.
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or electron-beam lithography [ 84 ]  can be used for DLSPPW fabri-
cation. Finally, it should be noted that heat dissipation is a very 
important aspect of the implementation plasmonic waveguides, 
and here DLSPPWs provide top performance. [ 85 ]  While, these 
type of waveguides do not provide highest confi nement, they 
offer the design of enhanced active components with low con-
trol powers which can be used within either plasmonic or Si 
photonic circuitry or indeed integrated with optical fi bers.  

 Si photonic waveguides have sizes comparable with 
DLSPPW waveguides based on polymers and low propagation 
loss. In terms of active functionalities, the low propagation loss 
is essential in Si waveguides in order to harvest small refrac-
tive index changes of the mode index induced around the 
waveguide and infl uencing primarily the evanescent part of the 
mode fi eld outside the waveguide. (The latter is in contrast to 
DLSPPW where it can be induced inside the waveguide just 
acting at the mode where it has highest intensity.) Thus, the 
Si photonic components, e.g., MZIs and WRRs should have 
length suffi cient to accumulate signifi cant phase difference of 
the waveguided mode. This imposes the restrictions on both the 
minimum size of active components based on Si waveguides as 
well as the required energies for switching and modulation as, 
e.g., larger volume should be heated as in the case of thermo-
optical modulation. Various Si-waveguide-based modulators 
and switches have been developed. [ 87,88 ]  The Si MZI thermo-
optical modulators have length ranging from several millim-
eters down to 60 μm and operate at speeds down to few micro-
seconds and power consumption from tens to hundreds of mW 
for around 20 dB extinction ratio. In terms of a size × power 
fi gure of merit (FOM), this state-of-the-art performance of Si-
based active components is inferior to the DLSPPW-based 
approach. [ 89,90 ]  Photonic crystal-based designs provide small 
required powers but have much increased lateral sizes in addi-
tion to the optical bandwidth decreased down to few nm. [ 91,92 ]  
The use of fast carrier-injection modulation allows high modu-
lation rates up to tens of Gb s −1 , but either at a cost of bigger 
size (millimeters [ 93,94 ]  vs. micrometers in the DLSPPW case  [ 95 ] ) 
or a decreased optical bandwidth (e.g., 0.02 nm for 12 μm ring 
resonator component, [ 96 ]  or 18 nm for 80 μm photonic crystal 
based design [ 97 ] ).  

  1.3.     Review Outline 

 In this review, we present the summary of the recent achieve-
ments in the development of integrated nanophotonic circuitry 
based on dielectric-loaded SPP waveguides. Plasmonics-enabled 
active components can provide smaller size and lower switching 
energy than traditional nanophotonics components and can be 
used within Si- or dielectric-based photonic integrated circuitry 
to reduce energy consumption or indeed in all-plasmonic inte-
gration approach on deep-subwavelength scales. In Section 2, 
the principles of confi nement and guiding photonic signals in a 
form of plasmonic waves in highly-integrated photonic circuitry 
will be discussed and a general concept of dielectric-loaded 
plasmonic waveguides will be introduced. Sections 3, 4, and 5 
will overview passive, wavelength-selective and active DLSPPW 
components of various designs, respectively. Section 6 will 
benchmark the guiding performance of DLSPPWs against that 

of other plasmonic waveguides. Approaches for signal ampli-
fi cation in DLSPP waveguides will be introduced in Section 7. 
Finally, Section 8 will be devoted to the discussion of other plas-
monic waveguide designs based on the DLSPPW principle and 
applications of DLSPPWs beyond integrated nanophotonics.   

  2.     Optical Signal Guiding in DLSPP Waveguides 

  2.1.     Guiding Principle and Modal Properties 

 Plasmonic mode guiding along a DLSPPW is based on a prin-
ciple of refractive index contrast. A plasmonic wave propagating 
at a metal–dielectric interface has a wave vector 
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 defi ned by the permittivities of metal  ε m   and dielectric  ε d  , and 
the wavelength of light  λ . Due to the inherent losses, dielec-
tric constant of metal possesses an imaginary part and, conse-
quently, the wave vector of the SPP wave has a complex value. 
Its real part defi nes the effective index of the mode 
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 In the case of the DLSPP waveguide, it follows that the effec-
tive index in the ridge region will be larger than that in the 
regions to the right and to the left of the ridge (Figure  2 a) 
n nSPP

eff
SPP
eff>,2 ,1. Thus, in analogy to the optical fi ber and planar 

dielectric waveguide geometries, a plasmonic guided mode 
supported by DLSPPW will be formed. The propagation length 
in DLSPPW depends on the proportion of the mode energy 
located in the metal and can be calculated using approximate 
methods or rigorous numerical simulations, as will be dis-
cussed below. 

 We initially consider an Au-based plasmonic waveguide with 
a low-index, polymer-defi ned dielectric ridge. Using approach 
based on effective-index method, [ 98 ]  general rules and trade-
offs relevant to the DLSPPW design can be revealed ( Figure    3  ). 
At the fi rst step, considering 4-layer guiding structure at the 
telecommunication wavelength of 1550 nm (Figure  3 b), the 
propagation length of the SPP wave was found to have a non-
monotonous behavior as the thickness of the ridge-polymer 
layer is changed (Figure  3 c). For all the modes supported by 
the structure, the propagation length initially decreases with 
the decrease of the polymer thickness below the value of 
1 μm due to the fact that the electromagnetic fi eld is effi -
ciently pushed into the metal and experiences higher losses. 
However, for much thinner dielectric layers, e.g., 200 nm for 
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TM 0  mode relevant to the formation of the fundamental TM 00  
DLSPP mode (Figure  2 b,d,e), the propagation length starts to 
increase and becomes very similar to the SPP mode at an Au–
Air interface.  

 Using the effective indexes of the 4-layer structure 
(Figure  3 d), it was found that there is an optimal ridge width 
500 to 800 nm, corresponding to the minimal lateral size of 
the DLSPPW mode (Figure  3 e). At ridge widths larger than the 
optimal, the DLSPPW mode will occupy all the available space 
from one edge to another, corresponding to larger lateral mode 
sizes, whereas at ridge widths smaller then the optimal the SPP 
fi elds will be laterally pushed outside the ridge, leading again 
to poorer confi nement. In addition to strong lateral confi ne-
ment and low propagation loss, single-mode guiding by the 
plasmonic waveguide structures is usually desired in order to 
avoid various mode dispersion and interference effects. Accord-
ingly, the condition for single mode guiding for the considered 
example is the waveguide thickness smaller than 600 nm and 
the waveguide width smaller than 650 nm, which corresponds 
to the waveguide size of approximately  λ /2.5 ×  λ /2.5 in terms 
of the operational wavelength. 

 The results of the effective-index modal analysis were com-
pared with the rigorous fi nite-element simulations, and good 
agreement between the two methods was demonstrated. [ 98 ]  The 
height and the width of the waveguide were optimized, defi ning 
fi gures of merit to describe the suitability of a given confi gura-
tion to a particular application requiring either the longer propa-
gation length or stronger confi nement. [ 99–103 ]  Other shapes of the 

dielectric ridge, such as the one produced by a nanofi ber, [ 104,105 ]  
semi-elliptical, [ 106 ]  or non-ideal ridge shapes formed in the actual 
fabrication process, [ 103 ]  have been investigated, considering the 
infl uence of the waveguide geometry on the DLSPPW perfor-
mance. The implementation of high-dielectric index material, 
such as Si or InGaAs, allows to reduce the width of the wave-
guide down to 200 nm × 200 nm (or approximately  λ /8 ×  λ /8), 
but for the price of active functionalities provided by a doped 
polymer. High-dielectric index materials and other plasmonic 
metals will be considered in details in Section 8. 

 Comprehensive numerical analysis of the guiding properties of 
DLSPP waveguides considered a polymer stripe waveguide with 
a rectangular cross section of 600 nm × 600 nm deposited onto 
a gold surface (Figure  2 a). [ 86 ]  At wavelengths above ≈1250 nm, 
the waveguide is singlemode for SPP waves, supporting only a 
fundamental TM 00  plasmonic mode. The mode is highly local-
ized in the dielectric core of the waveguide at the metal–dielec-
tric interface (Figure  2 b,d,e). At low frequencies (Figure  2 c), 
large amount of energy of the mode is located in the air region, 
and, therefore, the mode dispersion is close to the SPP dis-
persion at the metal–air interface. At higher frequencies, the 
mode energy is mostly localized inside the dielectric; conse-
quently, the mode dispersion follows the SPP dispersion at the 
metal–dielectric interface. The dispersion curve experiences 
back-bending and crosses the light line due to the increased, 
frequency-dependent Ohmic losses in Au. For the signal 
wavelength λ = 1550 nm, the chosen geometrical parameters 
of the waveguide provide the optimum ratio between mode 
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 Figure 3.    a) Cross-sectional view of the DLSPP waveguide operating at  λ  = 1550 nm formed by a rectangular polymer ridge ( n  2  = 1.535) on a gold fi lm 
( n  3  = 0.55 − 11.5 i ) deposited onto a substrate with  n  3  = 1.6 and surrounded by air  n  1  = 1. b) The four-layer and c) three-layer structures considered in 
the fi rst and the second steps of the effective-index simulations, respectively. d) Characteristics of modes supported by the four-layer structure pre-
sented in (b) and analyzed in the fi rst step. e) The mode width (logarithmic scale) dependence on the ridge width for four different values of the ridge 
thickness  t . The vertical lines mark the end of the single-mode regime. Reproduced with permission. [ 98 ]  Copyright 2007, The American Physical Society.
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confi nement and attenuation. [ 98 ]  The SPP mode propagates 
along the waveguide, keeping its fi eld profi le constant and its 
energy exponentially decays with distance due to the Ohmic 
losses in the metal. The mode characteristics were estimated 
from a complex value of its effective index, which gives Re( n eff  ) 
= 1.29 and  L prop   = 44.2 μm for the polymer refractive index 
of 1.5. The high mode effective index ensures strong guiding 
characteristics leading to a small size of DLSPPW components, 
while relatively large  L prop   gives the opportunity for the realiza-
tion of elaborated circuitry network within the available attenu-
ation length. 

 After initial observations of multimode DLSPP wave-
guiding, [ 107 ]  the fi rst experimental studies of single-mode pol-
ymer-based waveguides were performed, revealing essentially 
the same guiding characteristics as predicted by theory. [ 108 ]  The 
waveguides, fabricated using UV photolithography, were used 
with a funnel facilitating coupling of the excited broad SPP 
wavefront into the single mode waveguide. The optical char-
acterization of the guided plasmonic modes was performed 
using scanning near-fi eld microscopy (SNOM). The propa-
gation length of the mode was observed to become gradually 
larger with the increase of the operational wavelength at the 
price of poorer mode confi nement and lower mode effective 
index ( Figure    4  ), confi rming the theoretical predictions. It was 
found, however, that the measured propagation lengths, being 
in a qualitative agreement, were longer than those expected 
from the EIM calculations (Figure  4 g). This most likely was 
due to the difference in the optical properties of the gold used 
in calculations and that in the experiment (gold permittivity is 
known to be essentially infl uenced by the deposition method 
employed). The intensity oscillation patterns (e.g., the one par-
ticularly pronounced in Figure  4 f) are due to the interference of 
the DLSPPW mode with Re( n eff  ) = 1.21 with its refl ection from 
the waveguide termination.   

  2.2.     Integration Level and Data Transfer Characteristics 
of a DLSPPW 

 The key question in practical applications of SPP guiding 
approach is the level of ultimate photonic integration of a cir-
cuitry built on its basis. It is determined by a cross-talk between 
two parallel DLSPP waveguides placed at some distance from 
each other ( Figure    5  a) leading to the signal mixing between the 
waveguides. [ 109 ]  If the SPP mode is initially launched in one 
of the waveguides (bottom in Figure  5 a fi eld map), during the 
propagation its energy is gradually transferred into the neigh-
boring waveguide due to the overlap of the waveguides’ modes. 
As a consequence, the mode starts to oscillate between the 
waveguides with a gradually decreasing amplitude due to the 
Ohmic losses (Figure  5 a). Clear beating of the DLSPPW mode 
between coupled waveguides was experimentally observed 
using the leakage radiation microscopy (Figure  5 b). [ 110,111 ]  The 
strength of coupling between the waveguides is represented by 
a coupling length  L c  , the distance along the waveguide at which 
the energy of the propagating mode is fully transferred to the 
neighboring one. The increase of the coupling length with the 
distance between the waveguides has an exponential depend-
ence (Figure  5 c). [ 109,112 ]  When the waveguides are close to each 
other (e.g.,  d  = 700 nm, so that the distance between the wave-
guide edges is 100 nm), the tunneling between the waveguides 
is very effi cient with  L c   = 4.6 μm. Making use of this strong 
coupling regime at smaller separations, waveguide couplers 
and splitters as well as wavelength-selective components in a 
form of directional couplers, were realized (Sections 3.3 and 
4.3). In the other extreme case, when the cores of the wave-
guides are signifi cantly separated (e.g.,  d  = 2.6 μm), the cou-
pling between the waveguides is extremely weak ( L c   = 2.3 mm), 
so at this distance the waveguides are practically not coupled. 
Using as a criterion that less than 15% of signal cross-talk is 

Adv. Optical Mater. 2015, 3, 1662–1690

www.MaterialsViews.com
www.advopticalmat.de

(a) (c)

(d)

(e)

(f)

(g)

(b)

 Figure 4.    a) Topography with an indicated illumination spot and b) SNOM images (at  λ  = 1550 nm) of a taper coupling component, adiabatically 
funneling plasmonic waves into a straight DLSPP waveguide. c) Topography and d–f) near-fi eld optical images of a straight waveguide at different 
free-space excitation wavelengths: d)  λ  = 1425 nm with  L prop   = 46 µm, e)  λ  = 1525 nm with  L prop   = 52 µm, and f)  λ  = 1625 nm with  L prop   = 65 µm. 
g) Experimental (points) and theoretical (line) dependences of the propagation length on the operational wavelength. Adapted with permission. [ 108 ]  
Copyright 2008, the American Physical Society.
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allowed during the propagation in neighboring waveguides over 
the distance of  L prop  , the single mode DLSPPW operating at the 
telecom wavelength provide the integration level of  d  ≈ 1.9 μm, 
corresponding to ≈1.2 λ . The other characteristic defi ning the 
integration level of the photonic circuitry, such as the achiev-
able size of the circuit components as well as their performance 
will be discussed below in Sections 3 and 6.  

 A crucial parameter defi ning the performance of the wave-
guide is the data bit-rate it can support. For a single-mode wave-
guide, if nonlinearities are neglected, it is determined by the 
frequency dispersion of the waveguide modes, which leads to 

different propagation characteristics for spectral components 
within signal carrying pulses, broadening them as they propa-
gate in the waveguide. [ 113 ]  The maximum bandwidth in a single 
data stream for a waveguide of a given length is then deter-
mined by the highest rate of the pulses, at which they can still 
be distinguished as separate at the output. In the case of lossy 
waveguides, the spreading of the pulses depends on the second 
order dispersion of both real and imaginary parts of the propa-
gation constant  β : [ 113 ] 
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 For DLSPPWs and other plasmonic waveguides compared 
in this review (see Section 6), it was found that 
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 where υ  g   is the group velocity of the mode,  β  is its propaga-
tion constant, and  L  is the waveguide length. The bandwidth 
depends on the waveguide parameters, its geometry and mate-
rial. Taking a characteristic length of DLSPPW interconnect to 
be  L  =  L prop  , the theoretical limit for the bandwidth can be esti-
mated ( Table    1  ). Varying waveguide’s height and width in the 
region 400–600 nm (lower values will give an effective mode 
index below 1.1, resulting in much worse guiding character-
istics, while values higher than 600 nm results in multimode 
guiding), it was found that a poly-methyl-methacrylate (PMMA) 
based 600 nm × 600 nm waveguide has the highest bandwidth. 
Generally, the dispersion-defi ned DLSPP-based interconnect 
bandwidth  B  reaches very high values of tens of Tb s −1 . The 
practical bandwidth will be defi ned in this case by the nonline-
arities of metal and dielectric, the bandwidth of available modu-
lators and detectors, and multiplexing methods.  

 Experimentally, the bandwidth of 10 Gb s −1  in a single 
data stream has been directly experimentally measured for 
DLSPP waveguides (PMMA/Au, 500 nm × 600 nm), with 
error-free operation and no visible distortion to the eye 
diagram in comparison with the reference measurements 
( Figure    6  ). [ 114 ]  Further improvements was obtained with the 
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 Figure 5.    a) Coupling between two parallel 600 nm × 600 nm PMMA-
based DLSPP waveguides at  λ  = 1550 nm. Adapted with permission. [ 86 ]  
Copyright 2008, the American Physical Society. b) LRM image of a cross-
talk between two parallel 550 nm ( w ) × 100 nm ( h ) PMMA-based DLSPPW 
waveguides at  λ  = 633 nm. Adapted with permission. [ 110 ]  Copyright 2010, 
American Institute of Physics. c) Dependence of the coupling length  L c   on 
the distance between the waveguide centers  d  for  λ  = 1550 nm. Adapted 
with permission. [ 109 ]  Copyright 2007, American Institute of Physics. Insets: 
(top) experimentally measured dependence of the coupling between 
700 nm ( w ) × 60 nm ( h ) SiO 2  DLSPPW waveguides at λ = 800 nm as a 
function of center-to-center distance between them; (bottom) LRM image 
of the coupling process for  d =  0.9 µm. Reproduced with permission. [ 112 ]  
Copyright 2007, American Institute of Physics.

  Table 1.    Theoretical limit for bandwidth of PMMA- or Si-on-gold DLSPP 

waveguides of various designs (width × height, core material), estimated at a 

wavelength of 1550 nm.  

Design  B  
[Tb s −1 ]

600 nm × 600 nm, PMMA 39

600 nm × 400 nm, PMMA 23

400 nm × 600 nm, PMMA 23

400 nm × 400 nm, PMMA 17

200 nm × 200 nm, Si 39
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demonstration of 40 Gb/s data transmission rate in a single 
data stream and implementation of the WDM technique by 
sending multiple data streams at different wavelengths. [ 115 ]  
This yielded the multiplexed 12 × 40 Gb s −1  = 480 Gb s −1  
total data bit-rate experimentally demonstrated in a single 
DLSPP waveguide.    

  3.     DLSPPW Passive Components 

 In this section we will discuss various aspects of routing plas-
monic signals in DLSPPW circuitry. Starting with an overview 
of diverse methods for DLSPPW mode excitation, we will con-
tinue with interfacing the DLSPPW circuitry with conventional 
photonic waveguides, and then discuss the designs and perfor-
mance of various DLSPPW passive components, such as bends, 
splitters, ring resonators, and others. 

  3.1.     Excitation and Detection of DLSPPW Modes 

 From a practical point of view, coupling of light to DLSPPW 
modes can be achieved by focusing the laser beam at the end 
of a DLSPP waveguide. [ 110 ]  Upon diffraction at the edge of 
the dielectric ridge, the necessary component can be supplied 
to the wave vector of the incident light to provide matching 
to the wave vector of the DLSPPW mode, albeit with low effi -
ciency ( Figure    7  a). To achieve better coupling effi ciency to the 
DLSPPW modes, two standard approaches to SPP mode excita-
tion were successfully implemented: 1) based on total internal 
refl ection and 2) grating-assisted coupling. In the fi rst method, 
a plane SPP wave was excited using the Kretschmann–Raether 
confi guration either in front of a funneling structure produced 
by gradual widening of the waveguide or directly inside it [ 108,116 ]  
(the latter scheme greatly reduces background scattering 
signal). During propagation towards the narrow end of the 
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 Figure 7.    a) Leakage radiation microscopy (LRM) image of a DLSPPW mode launched by focusing of a  λ  = 633 nm laser beam at the edge of the 
waveguide. Reproduced with permission. [ 110 ]  Copyright 2010, American Institute of Physics. b) SEM-image of the funnel with an incorporated coupling 
grating and a Bragg refl ector grating to maximize the coupling effi ciency. c,d) LRM images of the DLSPPW mode launched at telecommunication 
wavelength using the coupler presented in (b) with non-optimised (c) and optimised (d) Bragg gratings. Reproduced with permission. [ 117 ]  Copyright 
2012, IEEE. e) LMR image of fl uorescence coupled to the DLSPPW mode. Reproduced with permission. [ 118 ]  Copyright 2010, Optical Society of America. 
f) Schematic and g) LRM image of DLSPPW mode launched using a tapered fi ber. Reproduced with permission. [ 119 ]  Copyright 2011, Springer. The low 
propagation length of the DLSPPW mode in (e) and (g) is due to the use of visible wavelengths (576 and 650 nm, respectively) at which the losses in 
metal are high. h) Schematic of the end-fi re interfacing of a SOI photonic waveguide with a DLSPPW. i) Interfacing a Si wire waveguide (visible as a hori-
zontal bright trace at the left-hand side) with the DLSPPW at  λ  = 1550 nm, the bright spot marks the position of DLSPPW; an output Si waveguide (not 
visible due to attenuation of the mode in the DLSPPW section) is to the right of the DLSPPW. Reproduced with permission. [ 120 ]  Copyright 2012, IEEE.
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and coupled to a well defi ned DLSPPW mode (Figure  4 a,b). 
Since for the SPP wave interacting with the taper boundaries 
the total internal refl ection conditions are satisfi ed, there is 
no leakage of the SPP waves outside the taper and high cou-
pling effi ciency can be achieved. The absence of the coupled 
mode beating inside the waveguide confi rms that the designed 
DLSPPW structure indeed only supports a single plasmonic 
mode.  

 Another typical coupling approach is based on diffrac-
tion grating structures, which in the case of SPP excitation 
on a planar surface were experimentally shown to provide a 
≈45% coupling effi ciency. [ 121 ]  Combining this method with 
the tapering structure, an effi cient grating coupler to the sub-
wavelength DLSPPW mode was developed (Figure  7 b–d). [ 117 ]  
The grating was realized in a form of periodic array of polymer 
ridges, which allows its fabrication together with the DLSPP 
waveguide in a simple one-step lithography process. By opti-
mizing geometrical parameters of the grating, the coupling 
effi ciencies up to 20% were demonstrated. To achieve coupling 
directionality from the symmetric grating, the Bragg grating 
(having potential refl ectivity up to 85%  [ 122 ] ) was introduced to 
prohibit SPP excitation in the direction opposite to the wave-
guide (Figure  7 b). The parameters of the refl ector and the gap 
between the two gratings need to ensure that generated (in the 
waveguide direction) and the refl ected (from the Bragg grating) 
SPP waves are in phase (Figures  7 c,d). The relatively low inser-
tion loss of such couplers (down to 25 dB), low dispersion 
and loss below 35 dB in a wavelength range of 1525–1575 nm 
make these coupling components suitable for telecommunica-
tion applications. As a variation of this method, a semi-circular 
grating coupler design which additionally provides focusing of 
the launched SPP wave into the DLSPP waveguide was also 
numerically investigated. [ 123 ]  

 An interesting DLSPPW mode excitation method is based 
on the generation of SPPs directly in the waveguide doped with 
fl uorescent centers by optical pumping. If an emitter (atom, 
quantum dot, dye molecule, etc.) is located in the vicinity of a 
metal surface (typically from tens to few hundreds of nanom-
eters), it can spontaneously emit directly into the SPP mode. [ 60 ]  
This process was used for generation of the plasmonic signal 
in the PMMA DLSPP waveguides doped with Rhodamine B 
molecules (Figure  7 e). [ 118 ]  The SPP mode is excited and propa-
gates along the DLSPP waveguide in both directions from the 
excitation spot. The wave vector of the mode was found to be 
1.103 k  0  ( k  0  = 2π/ λ ,  λ  = 576 μm) which confi rms that the excited 
mode is the fundamental TM 00  mode of the DLSPP waveguide 
with a width of 160 nm and a height of 68 nm. 

 For practical applications, interfacing of DLSPPW circuitry 
with the standard external optical networks has a particular 
importance. Several methods have been developed for cou-
pling DLSPP waveguides to conventional optical fi bres [ 124 ]  and 
silicon-on-insulator (SOI) ridge waveguides. [ 125,120 ]  The basic 
approach implemented here is the end-fi re coupling when the 
fi ber or a waveguide is positioned in line with the DLSPPW 
waveguide in the near-fi eld proximity to its edge. To achieve 
a better overlap between the fi ber and waveguide modes, the 
DLSPPW is usually gradually widened towards the fi bre edge. 
The excited SPP mode is then funneled into the waveguide in 

the same manner as discussed previously. One can also use the 
diffraction grating based couplers to interface optical fi bres, 
similar to described above (Figure  7 f,g). [ 119 ]  

 A typical scheme for interfacing the DLSPP and SOI wave-
guides is shown in Figure  7 h. The particularly good coupling 
was achieved for PMMA-coated SOI waveguides, when the 
DLSPPW ridge material seamlessly transforms into the SOI 
ridge waveguide coating (not shown in the fi gure), which auto-
matically insures a good interface quality. The coupling effi -
ciency in this case was experimentally shown to reach almost 
80% for both in-coupling (SOI-to-DLSPPW) and out-cou-
pling (DLSPPW-to-SOI) scenarios. [ 125 ]  The coupling between 
uncoated SOI ridge waveguides and DLSPPWs was further 
extended to more compact Si-wire waveguides, when a silicon 
fi lm in the SOI ridge waveguide is removed (Figure  7 h,i). [ 120 ]  
Upon optimization of the coupler geometrical parameters (Si-
waveguide width and vertical offset), the coupling effi ciency can 
be increased to ≈85%. The experimentally measured coupling 
effi ciencies for an uncoated SOI ridge waveguide to a DLSPPW 
was slightly lower due to imperfection of the facets, slight wave-
guide misalignment as well as a gap between the gold fi lm and 
the silicon waveguide edge, but still approaching high values 
ranging from 35 to 60%, depending on the particular sample. 

 An integrated detector of the plasmonic signal completes the 
design of a DLSPPW-based interconnect ( Figure    8  ). [ 126 ]  To imple-
ment it, a nanoscale slit was placed beneath the DLSPP wave-
guide in the gold fi lm, while the whole structure was fabricated 
on a Si substrate. When the DLSPPW mode reaches the slit, 

Adv. Optical Mater. 2015, 3, 1662–1690

www.MaterialsViews.com
www.advopticalmat.de

(a)

(b)

Au

Si

PMMA

measurement
simulations

 Figure 8.    a) Principle of integrated electric detection of a DLSPPW mode. 
b) Transmission spectrum of the DLSPPW ring resonator measured with 
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it is partly coupled to a gap SPP mode in the slit. The intense 
electromagnetic fi eld of the mode produces hot electrons with 
kinetic energies exceeding the height of the Schottky barrier at 
the boundary of the metal and the semiconductor substrate. The 
hot carriers generate electron-hole pairs in silicon, which under 
applied voltage result in a photocurrent. Thus, a monolithic inte-
gration of a detector with DLSPPW circuitry can be implemented.   

  3.2.     Waveguide Bends 

 A basic component required to build photonic circuitry is a 
waveguide bend. A 90° waveguide bend can be implemented 
using a waveguide section of a circular shape with a radius  r  
( Figure    9  ). [ 86,112 ]  The calculated near-fi eld distributions show 
that during propagation along the curved section, the SPP 
guided mode experiences radiation losses in a form of free-
space light and SPP waves on the surface outside the guide. 
The dependence of transmission  T b   =  I b   1 / I b   0  through the bend 
 T  on the radius of the bend  r  (Figure  9 a, curve (i)) is deter-
mined by a trade-off between two sources of losses. For small 
bend radii (sharp bends), radiation losses play a dominant role 
due to more effi cient coupling to light and unguided SPPs at 
the surrounding metal surface. [ 127 ]  For large radii, where the 
radiation losses are small, the absorption Ohmic losses become 
dominant due to the increase in the length of the bend section. 
At the optimal value of the bend radius  r  ≈ 5 μm, when the total 
losses in the bend are minimal, the transmission is as high as 
75% (corresponding to signal loss of 1.3 dB) at a telecom wave-
length of 1550 nm. Moreover, if the losses in metal are compen-
sated by, e.g., gain (Section 7), the transmission can be above 
95% (Figure  9 a, curve (ii)). The obtained bend radius ultimately 
defi nes small size of DLSPPW components, such as splitters, 
waveguide ring resonators, etc.  

 A comprehensive experimental investigation of bend loss 
of single-mode DLSPPW was performed using S-bends, i.e., 
double-bends, connecting two parallel waveguides with an 
offset with respect to each other ( Figure    10  a). [ 116 ]  The design of 
S-bends was based on sine curves, ensuring continuous bend 

curvature and, therefore, adiabatic evolution of the DLSPPW 
mode throughout the bend. The bends with small offsets 
( d  ≤ 5 μm) show an excellent performance with the transmission 
up to 70% (Figure  10 b), which gradually decreases with the offset 
increase due to the radiation and absorption losses (Figure  10 c). 
At the same time, even the S-bend with the largest offset 
( d  = 15 μm), corresponding to the smallest curvature radius of 
1.95 μm, transmits a substantial signal (Figure  10 d), confi rming 
robust guiding properties of DLSPPWs. The experimental and 
theoretical transmission values were found in good agreement 
with each other (Figure  10 e). The striking agreement was also 
observed in the fi eld maps comparing the intensity distributions 
from the simulations with the near-fi eld images obtained in the 
experiment (c.f. Figures  10 b,d and insets in Figure  10 e). The 
transmission shown in Figure  10 e refl ects not only the radiation 
losses due to the waveguide curvature, but also the DLSPPW 
mode propagation loss due to absorption in gold, accumu-
lated over 10-μm-long (in the horizontal direction) S-bends. 
With the known DLSPPW propagation length ( L prop   ≈ 50 μm), 
it was possible to separate the contributions of the loss chan-
nels. For  d  ≤ 3 μm the bend radiation loss was found to be less 
than 10%, whereas for  d  > 6 μm it constitutes the main loss 
contribution. The numerical study of how the S-bend trans-
mission depends on the S-bend shape and length, keeping the 
same offset between the waveguides shows that among various 
shapes of the S-bend, the shape defi ned by the sine curve pro-
vided the best performance. [ 86 ]    

  3.3.     Waveguide Splitters 

 The performance of DLSPPW Y-splitters at telecommunication 
wavelengths was extensively studied using scanning near-fi eld 
optical microscopy in conjunction with FEM numerical simula-
tions. [ 116 ]  The splitters with different arm separations ranging 
from 3 to 30 μm were fabricated using deep-UV lithography, 
keeping the splitter horizontal length constant ( Figure    11  a,b). 
The Y-splitters have a pronounced rounding of the junction 
area with ≈300 nm radius (inset in Figure  11 ), due to limited 
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 Figure 9.    a) Transmission of a 90° circular waveguide bend as a function of its radius  r  for PMMA-based waveguide with a cross-section of 
600 nm × 600 nm at  λ  = 1550 nm. Curve (i) corresponds to dielectric with  ε polym   = 2.36 and curve (ii) corresponds to dielectric with an optical gain with 
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with bend radii of b) 10, c) 12, d) 15, and e) 20 µm. f) The dependence of the bend transmission derived from (b–e) on the bend radius. Reproduced 
with permission. [ 112 ]  Copyright 2007, American Institute of Physics.
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resolution of the fabrication technique. Such a rounding pre-
vents adiabatic transformation of the input mode into the out-
going modes in the waveguide branches, resulting, therefore, in 
a radiation loss mostly into SPPs propagating on a metal surface 
in the area between the branches (Figure  11 c,d). The Y-splitters 
with a 300 nm radius rounding of the junction area show an 
≈20% decrease in transmission, compared to the adiabatic split-
ters, which is in good agreement with the experimental results. 
The resolution in the DLSPPW fabrication and consequently 

the performance of the splitters can be improved, e.g., by 
exploiting optical proximity correction techniques. The total 
transmission can be further increased up to ≈95% for the 10 μm 
long splitter by introducing amplifi cation to reduce absorption 
losses (see Section 7). Even without amplifi cation, with the 
arm separation of 2.6 μm, the splitter length can be reduced to 
about 6 μm without a practical decrease of the splitter perfor-
mance, providing a total signal in the output of ≈75%. [ 86 ]  It was 
also demonstrated that by breaking the symmetry of the splitter 
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(adapted with permission, [ 86 ]  Copyright 2008, American Physical Society) and f) multimode interference (reproduced with permission. [ 128 ]  Copyright 
2009, Optical Society of America) at  λ  = 1550 nm. g) Topography and h) near-fi eld optical images at  λ  = 1550 nm of a Mach–Zehnder interferometer 
with an arm separation of 3 µm. The SPP mode propagates from left to right. Adapted with permission. [ 116 ]  Copyright 2008, Optical Society of America. 
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by vertical shifting the output waveguides with respect to the 
input one, it is possible to achieve any required splitting ratio of 
the SPP signal. [ 86 ]  

  A number of alternative splitter designs was proposed for 
DLSPPW circuitry. The discussed above fork-shaped design can be 
modifi ed by making one output arm physically separated from the 
input waveguide to obtain an asymmetric splitter. [ 129 ]  A family of 
splitters is based on the strong coupling of the DLSPP waveguides 
located at small distances from each other (Figures  11 e) allowing 
inter-waveguide mode coupling. [ 86 ]  For these two approaches, 
however, precise fabrication is needed to obtain required charac-
teristics with reasonable accuracy. On the other hand, a numeri-
cally demonstrated splitting approach based on multimode inter-
ference [ 128 ]  (Figure  11 f) is very robust in terms of fabrication, but 
for the price of a fi xed arm separation defi ned by the SPP interfer-
ence pattern along with an increase of the required length and, 
consequently, higher absorption losses. Such a splitter was used 
for the experimental demonstration of signal demultiplexing in 
DLSPPW circuitry. [ 130 ]  

 After successful demonstration of effi cient DLSPPW mode 
splitting, a Mach–Zehnder interferometer was developed com-
posed of a Y-splitter followed by two parallel waveguides sec-
tions, which were recombined by a mirrored Y-splitter. Since in 
the symmetric Mach-Zehnder interferometer the path lengths 
of the two waveguide arms are identical (Figure  11 g), construc-
tive interference in the output is expected (Figure  11 h): SNOM 
images indeed demonstrate effi cient splitting and recombina-
tion of the DLSPPW signal. With the arm length of  l  ≈ 45 μm 
for operational wavelength of  λ  = 1550 nm, the MZI has a trans-
mission of about 20%. Due to the overall length of the Mach-
Zehnder interferometer, the losses are largely dominated by the 
DLSPPW mode absorption accounting for ≈74% of the total loss.   

  4.     DLSPPW Wavelength-Selective Components 

 To fully exploit the advantages of the plasmonic approach for 
broadband data transfer in highly integrated photonic circuits, 
such as wavelength multiplexing, and to achieve active func-
tionalities, wavelength-selective components are needed. In this 
section we will overview various designs and performance of 
such components based on the DLSPP waveguides. 

  4.1.     Bragg Refl ector 

 One of the most widely used method for the wavelength separa-
tion and selection is based on diffraction on periodic structures. 
The examples include the wavelength rejection or fi ltering, 
implemented, for example, in high-refl ectance interference mir-
rors, high-extinction interference fi lters or fi ber Bragg gratings 
used for various sensing applications. [ 131 ]  Various methods of 
the implementation of a Bragg refl ector in a DLSPP waveguide 
were proposed and numerically investigated. [ 86 ]  A compact 
Bragg refl ector can be achieved by the variation of the wave-
guide ridge height ( Figure    12  a). With a fi ve-period component, 
the refl ectivity did not exceed  R  ≈ 0.5 even for an optimized 
Bragg period, due to the required large height modulation, 
leading to strong free-space scattering. As an alternative design, 

a Bragg refl ector was implemented on the basis of square-wave 
or sinusoidal modulation (up to 20%) of the refractive index 
of the stripe (Figures  12 b,c). A 20-period refl ector, optimized 
by varying the high-refraction section length and the overall 
period, provides reasonably high refl ectivity of  R  ≈ 0.7–0.8. Such 
high refractive index modulation is experimentally challenging, 
while the refl ectors with lower modulation need to be rather 
long (tens of periods). From all the proposed designs of a Bragg 
refl ector, the one based on a metallic stripe Bragg grating under 
the polymer waveguide ridge provided the best performance 
with almost 90% of the SPP mode energy refl ected using 11 μm 
Bragg refl ector containing nine periods (Figure  12 de). 

  A Bragg fi lter design based on variation of the waveguide 
width was also proposed. [ 132 ]  The variation of the waveguide 
width introduces the change of the effective index of the mode. 
This makes it related to the Bragg refl ector design based on the 
modulation of the refractive index discussed above (Figure  12 b), 
but with a crucial advantage of a large modulation contrast. The 
DLSPPW effective mode indexes in the narrow and wide sec-
tions are ≈1.2 and ≈1.4, respectively. With a 50% Bragg fi lter duty 
cycle, this results in a transmission minimum at a wavelength 
of 1560 nm. SNOM characterization of the SPP mode refl ection 
from a 30-period Bragg fi lter shows well-defi ned Bragg refl ection 
accompanied by transmission extinction (bandgap) in the wave-
length interval from 1540 to 1600 nm (Figures  12 f–j). Relatively 
low transmission levels (≈0.3) observed outside of the band gap 
are partially accounted for by the DLSPPW mode propagation 
loss reducing the transmission by the factor of ≈0.7 on its own, 
the rest is related to out-of-waveguide scattering at the ridges.  

  4.2.     Waveguide Ring Resonator 

 A compact and highly effi cient wavelength-selective component 
for integrated photonic circuits is a waveguide ring resonator 
(WRR,  Figure    13  a–c). It is formed by a waveguide loop placed 
in the vicinity of a straight waveguide. When the input mode is 
passing the region adjacent to the ring, it is partially coupled to 
the waveguide forming the ring. The mode transferred in the ring 
starts to circulate around it, after each turn being partly decoupled 
back into the straight waveguide. The resulting interference of the 
directly transmitted and passed through the ring SPPs depends 
on the phase delay acquired by the mode traveling a complete 
circle around the ring, or in other words on the number of the 
mode wavelengths neff

ringλ/  which can be placed along the ring cir-
cumference. Therefore, for different wavelengths, different WRR 
transmission will be observed, resulting in a quasi-periodic wave-
length dependence of the WRR transmission featuring sharp 
minima (Figure  13 h). The radius of the ring defi nes the perio-
dicity, while the gap between the ring and the straight waveguide 
defi nes the coupling strength, in a way similar to one described in 
Section 2, and hence the modulation contrast between the trans-
mitting and blocking WRR states [ 133 ]  (cf. red and blue lines in 
Figure  13 h). The WRR transmission can be expressed as 

    
T

t t

t t

α α θ
α α θ

= + −
+ −

2 cos
1 2 cos

2 2

2 2
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    n reffθ π λ λ π φ( ) ( )= +2 / 2   (7) 

 and  t  is the amplitude transmission coeffi cient for the straight 
waveguide mode directly passing the coupling region,  α  is the 
amplitude attenuation of the mode during a single circula-
tion around the ring,  λ  is the free-space wavelength,  r  is the 
ring radius,  n eff  ( λ ) is the wavelength-dependent mode effec-
tive index, and  φ  is the coupling-induced phase shift caused 
by mode perturbation in the coupling region [ 134 ]  (in the fi rst 
approximation it can be omitted). An alternative point of view 
which leads to the same result is to consider a superposition of 
the SPP waves circulating in the ring as a ring-resonator mode, 
though strongly coupled to the straight waveguide.  

 DLSPP WRRs having a radius of only 5 μm exhibit a very 
effi cient ring-mode excitation and well-pronounced wavelength-
dependent behavior around a wavelength of 1550 nm for the edge-
to-edge gaps between the ring and the straight waveguide below 
approximately 600 nm (Figure  13 ). [ 132 ]  The experimental spectra 
are well described by a theoretical dependence (Equation  ( 3)  ) with 
calculated effective index dispersion neff λ λ[ ]( ) ≅ − μ1.61 0.25 m  
and the WRR parameters tα ≅ ≅0.55, 0.7, and ≅ μ5.43 mR  
(Figure  13 h). The investigated WRR features nearly complete 
extinction of the mode, reaching attenuation values of ≈13 dB at 
1590 nm with about 20 nm bandwidth. 

 As was discussed above, the coupling between DLSPP wave-
guides is highly dependent on the separation distance between 

them. As a consequence, the wavelength-selective characteris-
tics (particularly the depth on the resonance dip) are very sensi-
tive to the fabrication precision of the WRR coupling region. 
To diminish the infl uence of the fabrication uncertainties, the 
resonating waveguide loop can be made in a form of a racetrack 
(two semicircles connected by straight waveguide sections par-
allel to the straight input waveguide). In this case the interac-
tion length between the waveguide and the resonator is longer, 
and keeping the same coupling effi ciency as in the case of the 
ring shape, the racetrack can be moved further, so the same fab-
rication error will have a smaller relative infl uence. [ 135 ]  Another 
approach, which increases the tolerance of the structure perfor-
mance to the fabrication uncertainties is to use a disc resonator 
instead of the ring; in this case the precise fabrication of the 
ring width is not needed. [ 136,137 ]   

  4.3.     Directional Coupler 

 As was discussed in Section 2, the mode from a DLSPP wave-
guide can be effi ciently transferred to a neighboring waveguide 
if the separation between them is suffi ciently small. The cou-
pling length (the length needed for the total energy transfer from 
one waveguide to another) depends on the DLSPPW mode pro-
fi le, which in its turn is wavelength-dependent. This effect can 
be used to realize a wavelength-dependent directional coupler 

Adv. Optical Mater. 2015, 3, 1662–1690

www.MaterialsViews.com
www.advopticalmat.de

(f)

(g)

(h)

(i)

(j)

(e)

h

ba=P /2Bragg

hg

(a)

(c)

hr

BraggP

(b)

(d)

Lr
Ir0, Ir1

0.04 0.08 0.12 0.16 0.20

0.2

0.4

0.6

0.8

3 lines
5 lines
7 lines
9 lines

noitcelfe
R

R

Grating height h / SPPr

 Figure 12.    Bragg refl ector based on a) periodic modulation of the waveguide height, b) square-wave and c) sinusoidal modulations of the dielectric 
refractive index, and d) rectangular metal stripe grating. e) Dependence of refl ectivity  R  of the rectangular metallic grating on the grating height  h y   for dif-
ferent number of periods for a 600 nm × 600 nm polymer-based DLSPPW operating at  λ  = 1550 nm. The inset shows the simulation setup. Adapted with 
permission. [ 86 ]  Copyright 2008, Optical Society of America. f) Topography and g–i) near-fi eld optical images of the 18 µm long Bragg fi lter with the period 
of 600 nm for different wavelengths: g) 1500 nm, h) 1560 nm, and i) 1620 nm. Inset shows an SEM image of the Bragg grating section. j) Refl ection and 
transmission spectra of the Bragg fi lter determined from the near-fi eld images. Adapted with permission. [ 132 ]  Copyright 2009, American Institute of Physics.



1675wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
EV

IEW

(DC) component ( Figure    14  a,b). The length of the waveguides 
can be chosen so at a given wavelength after few oscillations 
between the waveguides, the mode can be fully localized in one 
of them, while for mode at another wavelength, having longer 
(or shorter) coupling length, the number of oscillations may be 
such that the mode will be fully localized in another waveguide. 
Directional couplers, comprising input and output S-bends 
have been realised [ 138,111 ]  (Figure  14 ). As predicted by the theory 
(Section 2), the coupling length  L c   was found to have a strong 
dependence on the separation distance (cf. Figures  14 c,e) and 
also to vary noticeably with the wavelength, infl uencing the 
power ratio between the output waveguides (cf. Figures  14 c,d). 
At the same time, the sum of power fl ows in the output channels 

is practically wavelength independent maintaining the level 
of ≈0.23, a value that is consistent with the loss incurred for 
a 25-μm propagation distance (≈40%) and two S-bends (≈35% 
per bend). As expected, for shorter wavelengths, at which the 
mode localized stronger, the coupling is weaker and the cou-
pling length is larger (Figure  14 f). 

  The obtained dependence of the coupling length was used 
for the development of the purpose-designed DCs. Generally, 
with only one waveguide being excited at the input, the output 
signals, i.e., straight  T s   and cross  T c   transmissions can be rep-
resented as
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 where the fi rst factor refl ects the S-bend transmission, the 
second one refl ects the power loss during propagation through 
the straight waveguide section of length  L p  , and  L i   denotes the 
effective interaction length ( L i   >  L p   due to additional mode cou-
pling in the S-bend regions [ 139 ] ). The interaction length was 
evaluated to be  L i   ≈ 34 μm, so that it is possible to obtain the 
wavelength division characteristics for any given DC length 
and, therefore, by choosing the appropriate values to design 
a DC structure that would ensure spatial separation of sig-
nals corresponding to different wavelengths. For example, an 
increase of the length of parallel section by ≈5.5 μm for the DC 
with  d  = 1000 nm would enable spatial separation of the wave-
lengths of 1400 and 1620 nm, belonging to E and L telecommu-
nication bands (Figure  14 g).   

  5.     DLSPPW Active Components 

 As has been shown in the previous sections, the DLSPPW 
approach proved to be effi cient in guiding and passive manip-
ulation of plasmonic signals. However, we will only be able to 
speak about plasmonics in the same way as we speak about 
optoelectronics, if active plasmonic components are designed 
and demonstrated. [ 140–142 ]  In this section, we will discuss 
various active functionalities realized on the DLSPPW plat-
form, such as switching, modulation and active routing of 
plasmonic signals. The crucial advantage of the plasmonic 
approach, relying on high confi nement level of plasmonic 
modes and excellent guiding characteristics of plasmonic 
waveguides, is a small size of active plasmonic components, 
which leads to high potential operational speeds and small 
energy consumption. 

  5.1.     Design and Optimization of DLSPPW Active Components 

 As was discussed in Section 4.2, transmission through the 
ring resonator is determined by a phase shift acquired by the 
mode in the ring during a round-trip, which depends on its 
effective index  n eff   (Equations  ( 6)   and  ( 7)  ) and, therefore, on 
the refractive index of the ring material. With a pronounced 
sharp minima in the spectral characteristics ( Figure    15  a), 
this naturally gives the opportunity to use a WRR as an 
active switching component. Adjusting the ring radius so 
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 Figure 13.    a) Dark-fi eld microscope image of WRRs with different cou-
pling gaps. b) SEM, c) topography and d–g) near-fi eld optical images of 
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that the signal wavelength is located at the steepest slope of 
the transmission (red arrow in the fi gure), one can change 
the refractive index of the ring material via thermo-optic, 
electro-optic, or optically-induced nonlinear effects. Even with 
minute changes in the refractive index of the ring material, 
a related small shift in the resonances will lead to signifi cant 
changes in the transmission at the signal wavelength (inset to 
Figure  15 a). [ 143 ]  

  Although the general principle of active WRR operation is 
very clear, the optimization of the WRR design, e.g., fi nding the 
ideal ring radius, is not so straightforward. With the increase 
of the ring radius the refractive index changes will produce 
larger phase shifts; at the same time this will result in higher 
losses which will reduce the maximum WRR transmission and, 
therefore, the steepness of the resonance slopes, decreasing 
the modulation depth. Additionally, this will also increase the 
component size. To account for this different trends, a fi gure 
of merit for an active WRR was introduced, benchmarking its 
performance and the integration level: [ 144 ] 
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(9)

   

 The high fi gure of merit corresponds to strongest change 
in the WRR transmission with the refractive index of active 
material ∂ T /∂ n  for the smallest possible size  R  of the reso-
nator. One can recast the expression so that  M   WRR   is defi ned 
through a new set of parameters: ∂ T /∂ θ  which is determined by 
the geometrical parameters of the structure and ∂ n eff  /∂ n  which 

is the rate of change of the effective index of the SPP guided 
mode in the resonator with the change of the refractive index 
of the dielectric material. The latter term is always greater for 
SPP modes due to the fi eld confi nement and enhancement in 
plasmonic waveguides than for photonic modes in all-dielectric 
waveguides. For each radius (corresponding to a certain losses 
 α ), the highest value of derivative ∂ T /∂ θ  can be found using 
Equation  ( 6)   by varying the transmission coeffi cient  t , deter-
mined by the ring-waveguide gap  g , and the dependence of the 
FOM on the radius  r  can be recovered (Figure  15 b). One can 
see that for an active WRR based on a single-mode polymer-
based DLSPPW, there is an optimal radius ≈6 μm. The refrac-
tive index change of just Δ n  ≈ 5 × 10 −3  in the optimized design 
results in a drastic (≈5-fold) change in the WRR transmission 
(Figure  15 a). 

 For comparison, one can consider an active component 
based on a Bragg refl ector (the same design as in Figure  12 d,e, 
with a straight waveguide section after the component as an 
output). [ 143 ]  With the grating period adjusted so that the signal 
wavelength is at the edge of the bandgap (but still inside it), 
the induced changes in the ridge refractive index as small as 
10 −2  (possible, e.g., via a thermo-optic effect) can shift the band 
structure of the Bragg grating so that at the considered wave-
length the signal SPP will be in the transmission band. This 
effectively changes the Bragg fi lter transmission and opens the 
way to DLSPPW signal modulation. In the case of an MZI with 
an arm length of  l  ≈ 45 μm, the change of the effective index of 
the mode in one arm needed to achieve a complete extinction is 

n leff λ( ) ( )Δ = = ⋅ −Re / 2 1.72 10 2. [ 116 ]   
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 Figure 14.    a) SEM image of the DC with a funnel structure for the DLSPPW excitation. b) Topography and c–e) near-fi eld optical images of 45 µm 
long DCs with the separations b–d)  d  = 1000 nm and e)  d  = 900 nm for different wavelengths: c) 1500 nm, d) 1620 nm, and e) 1500 nm. The inset 
shows an SEM image of the coupling region for  d  = 1000 nm. f) DC coupling length  L c   evaluated for different wavelengths and separations from the 
SNOM images (data points) and with numerical simulations (curves). g) DC output signal normalized with respect to the input, determined from 
the near-fi eld images and calculated using Equation  ( 5)   with the DC coupling length dispersion shown in (f). Adapted with permission. [ 138 ]  Copyright 
2009, Optical Society of America.
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  5.2.     Optically Controlled WRR Component 

 Optically-controlled components on the basis of WRRs were 
introduced using a ring resonator based on a polymer DLSPPW 
doped with disperse red 1 (DR1) dye to achieve the nonlinear 
response ( Figure    16  a–e). [ 145 ]  Azobenzene chromophores, such 
as DR1, are attractive materials for studying various second 
order nonlinear optical effects and polarized light-induced ani-
sotropy. Control light with a frequency near the main absorption 
resonance (490 nm) causes the azobenzene molecule to change 
from the  trans  to the  cis  confi guration. This results in a sub-
stantial change in a molecule's dipole moment and, hence, the 
polarizability and refractive index of the material (Figure  16 f). 
Both fast picosecond-scale processes due to molecular transfor-
mation and much slower processes of molecular photo-orienta-
tion, takes place when the control light is linearly polarized and 
results in pronounced light-induced anisotropy. [ 145 ]  

  The typical dynamic switching may lead to the photo-
induced changes as high as nΔ = ⋅ −3.7 10 3. Such large changes 
in the refractive index of the ring material are more than suf-
fi cient for signifi cant modulation of the WRR transmission, 
as was observed experimentally in agreement with numerical 

simulations. [ 145 ]  The introduction of the control light was ini-
tially followed by a rapid decrease in the WRR transmission, 
which slowed down at higher powers due to the saturation 
of the DR1 molecular response (Figure  16 g). The total trans-
mission changes by more than 50% were observed, which is 
in good agreement with the simulations (Figures  16 d,e). The 
switching is reversible, the transmission returns to the high 
level after unpolarized white-light illumination. This sug-
gests that the dominating role in the nonlinear response is 
the molecular reorientation processes leading to the refraction 
index changes. While the observed ON/OFF switching time is 
low for real-time signal modulation and routing, the discussed 
above active WRR component has been proposed for designing 
of optically reconfi gurable photonics circuits. 

 An alternative approach to optical DLSPPW mode switching 
in a directional coupler geometry using photo-thermal effect in 
the polymer doped with gold nanoparticles was experimentally 
demonstrated and a modulation depth of almost 100% in both 
source and cross DLSPPW channels (these signals are in anti-
phase) was observed. [ 146 ]   

  5.3.     Electro-optic DLSPPW Switches 

 In order to achieve the electro-optic functionality with a WRR, 
the design was further developed to include the control elec-
trodes via patterning a metal fi lm ( Figure    17  a,b). [ 147 ]  The same 
DR1 molecules used for the optically controlled component 
described in Section 5.2 were employed as a doping material 
due to a large  r  33  coeffi cient, which is related to the properties 
responcible also for the optical nonlinearity. For low applied 
control voltages, the WRR transmission shows a signifi cant 
increase, but after the electric fi eld increases above 8 MV m −1 , 
the transmission recovers to the initial value (Figure  17 c). This 
was hypothesized to be the result of the structural deforma-
tion in the PMMA structure due to the electrostrictive effect. 
Time-resolved measurements using square-wave 25 MV m −1  
electric fi eld show fully-reversible electro-optical modulation of 
the DLSPPW signal with a 18% modulation depth (Figure  17 d). 
The response time of the transmission modulation is on a dif-
ferent time-scale, which is in favor of electrostrictive nature of 
the effect. Interestingly, undoped-PMMA-based WRRs exhibit 
a 14% modulation depth, but their response time is ten times 
slower. This can be understood considering the modifi cation of 
PMMA plasticity by the DR1 doping. The underlying switching 
mechanism can then be the combination of electrostrictive and 
electro-optic effects. An alternative design with the second elec-
trode at the top of the ring, [ 144 ]  being more effi cient, is more 
challenging in terms of fabrication. 

  An interesting approach for modulation in DLSPPWs is 
based on the implementation of the DLSPPW dielectric core 
as a channel fi lled with nematic liquid crystal. Utilizing an 
electro-optic effect in the directional coupler geometry, signal 
modulation with an extinction ratio of 12 dB was theoretically 
demostrated. [ 148 ]  Finally, we note that conventional electro-optic 
materials provide too small refractive index modulation to be 
used in highly-integrated active components. Novel nonlinear 
polymers, [ 68 ]  naturally compatible with the DLSPPW technology, 
can pave the way for DLSPPW-based modulators operating in 
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 Figure 15.    a) FEM numerical simulation of the wavelength-selective 
transmission of the SPP mode through a WRR with a radius  r  = 5.5 µm 
and an edge-to-edge distance between the ring and the input waveguide 
 g  = 160 nm. Solid black curve represents numerical simulations, dashed 
red curve is the analytical fi t using Equations  ( 6)   and  ( 7)  . The red section 
of the curve shows the region with the steepest slope in transmission, 
while the red arrow shows the choice of the operation wavelength for the 
active device. b) WRR fi gure of merit  M WRR   as a function of the ring radius 
 r  calculated using Equation  ( 9)  . 
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MHz and GHz ranges and in this respect matching the perfor-
mance of the photonic ones. [ 88 ]  For example, a DLSPPW-based 
modulator with the design from Ref.  [ 144 ]  has the energy con-
sumption per bit [ 149 ]  Δ E  bit  = (1/4) CV  2  ≈ 20 fJ (calculated using 
estimated device capacitance of  C  = 1.3 fF and the required con-
trol voltage of  V  = 7 V), which favorably compares with the best 
values for photonic [ 88 ]  and plasmonic [ 68,150 ]  modulators.  

  5.4.     Thermo-optic DLSPPW Switches 

 DLSPPW active components utilizing a thermo-optic effect 
are the most investigated. [ 151 ]  PMMA polymer, which is typi-
cally used for a DLSPPW dielectric core, has an intrinsic large 
thermo-optic coeffi cient of n T

PMMA
( )∂ ∂ = − ⋅ − −/ 1.05 10 K4 1. 

Hence, a moderate temperature increase by 50° results in 
a refractive index change as high as Δ n  on the order of 10 −3 , 
allowing DLSPPW signal modulation in components of various 
designs. Furthermore, the effect can be at least 3 times magni-
fi ed by using alternative materials, such as CAP (see below). [ 152 ]  
The temperature change can be induced using resistive heating 

in the same metal fi lm that supports the SPP mode and is 
located beneath the core. Therefore, the refractive index change 
is induced in an effi cient way in the dielectric region where the 
SPP mode has the highest intensity, exactly where it is needed. 
This is different in the case of thermo-optical components 
based on dielectric waveguides, where the electrodes are located 
far in the cladding, and, thus, temperature induced changes 
are generated far from the mode and their infl uence it much 
weaker. 

 The fi rst designs of thermo-optic DLSPPW components were 
again based on the WRR geometry ( Figure    18  a). [ 95,114,151–153 ]  
A PMMA-based ring resonator was resistively heated by a cur-
rent passing through a metal strip under the structure. The 
temperature increase of 100 K resulted in a blue shift of the 
WRR resonances by ≈4.5 nm. Due to high quality factor of the 
fabricated structures and sharp resonance minima, this led to 
the changes in the WRR transmission of up to 9 dB at the wave-
length of  λ  = 1538 nm corresponding to the steepest slopes in 
the wavelength characteristic (Figure  18 b–d). 

  The WRR operation as an active component discussed above 
is based on resonant effects and, thus, has a narrow wavelength 
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mental TM 00  SPP mode. b) Optical image of a PMMA/DR1 ring resonator. c) The experimental setup with the signal and control light beams. Incorpo-
rated in the sketch is the simulated Ez( )Re  fi eld map of the SPP mode at a distance of 10 nm above the metal surface. d) The wavelength dependence of 
the transmission of the SPP mode through the WRR with  R  = 4.971 µm,  g  = 185 nm,  L c   = 1 µm, the waveguide parameters are as in (a). e) Dependence 
of the SPP mode transmission  T  on the change in the refractive index of the ring simulated for λ = 1550 nm (dashed line in (d)). f) The dependence 
of the refractive index change at  λ  = 633 nm in a 440 nm thick PMMA/DR1 fi lm on the power of 532 nm control light. The inset shows the modulation 
dynamics for 110 mW control power, the ‘on’ and ‘off’ states of the control pulse are marked by the dashed lines. g) The dependence of the SPP mode 
transmission at  λ  = 1550 nm through the WRR on the control power. Inset: near-fi eld intensity distribution of the SPP mode transmission through the 
racetrack resonator. Adapted with permission. [ 145 ]  Copyright 2011, Optical Society of America.
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bandwidth. On the other side, if the broadband operation 
of the switch is needed, a classical design based on a Mach–
Zehnder interferometer is benefi cial (Section 3). When a phase 
delay  φ  is introduced in one arm of the MZI by an external 
control signal, the interference of the signals propagating in 
two arms can be changed and effi cient signal modulation can 
be achieved: destructive interference and a zero signal output 
can be obtained if  φ  =  π  is introduced. The induced phase 

nLϕ π λ= ⋅ Δ2 /  is a weak function of the wavelength, therefore, 
the modulation can be equally effi cient in a broad wavelength 
range. This makes an active MZI useful for broadband signal 
switching, at the price of a larger required size (≈50 μm) than 
that of the WRR due to suffi ciently long arms needed for accu-
mulating a phase difference at realistic refractive index changes. 

 Electrically driven modulation of the MZI output signal 
via resistive heating of one of the arms was demonstrated 
(Figure  18 e). [ 152 ]  It was fabricated with a CAP polymer as 
a dielectric load, having a large thermo-optic coeffi cient 

Tn PCAP
( )∂ ∂ = − ⋅ − −/ 3 10 K4 1, 3 times larger than that for PMMA. 
This has allowed to achieve the phase shift up to ≈2π, which 
led to high modulation depths and even to a double switching 
(Figure  18 f). Not complete signal extinction is related to the 
distortion of the amplitude and the zero-voltage phase by the 
presence of the electrode gaps, so that the equal-amplitude con-
dition for zero-output destructive interference is not satisfi ed. 
The modulation depth can be increased to 100% by adjusting 
the splitting ratio to restore equal power levels at the arms 

outputs. As an additional advantage, CAP's specifi c heat coeffi -
cient (amount of heal required to change the material's temper-
ature) is 270 times lower than PMMA, which allows decrease 
of the switching times to a microsecond range. The heating-up 
and cooling-down times were measured to be approximately 
20 and 15 μs, respectively, so that the operation frequency of 
the device is about 50 kHz at a 3 dB cut-off level (Figure  18 g). 

 The power required to switch the MZI, apart from geomet-
rical parameters, is greatly infl uenced by thermal conductivities 
of the DLSPPW ridge and substrate materials. These param-
eters defi ne how the available heating power is divided between 
the DLSPP waveguide and the substrate. For example, for the 
substrate with a high thermal conductivity, the supplied heat 
will be mainly dissipated through the substrate, therefore, high 
switching powers are needed. Here, the choice of a low heat-
conductive CYTOP substrate ( CYTOPκ = − −0.12 W m K1 1) results 
in a 10-fold decrease of the switching power in comparison to 
a MgF 2  substrate ( MgFκ = − −11.6 W m K1 1

2
), resulting in milliwatt 

switching powers of the MZI. The actual power required for the 
MZI switching is actually even smaller than that in Figure  18 f. 
Taking into account that only a fraction of the total power is 
dissipated in the MZI arm region, the switching power  P  
smaller than 3 mW was estimated to be suffi cient for the actual 
switching process for an almost 100% modulation contrast. 
This corresponds to the energy consumption of the order of 

E Pbit riseτΔ = = 60 nJ per bit, where  τ rise   = 20 μs is the modulation 
signal rise time. [ 152 ]  
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 Figure 17.    a) A design of the WRR with in-plane electrodes. b) Bright-fi eld image of the ring and disk resonators fabricated on the Au electrodes. The 
dark area corresponds to isolating glass trenches separating the electrodes. c) Evolution of the WRR output signal at 1508 nm, 1510 nm, and 1516 nm 
for an upward voltage sweep. d) PMMA-DR1 WRR output response time for an electric fi eld step of 25 MV m −1 . Reproduced with permission. [ 147 ]  
Copyright 2012, Optical Society of America.
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 The requirements on the electrode design and the electric iso-
lation have an impact on the operation wavelength bandwidth 
and should be carefully considered. Due to the presence of two 
electrode gaps, the electrically isolated arm section acts as a Fabry-
Perot cavity for SPP modes if the refl ection from the electrodes is 
signifi cant. With multiple refl ection at the edges, the transmis-
sion through the MZI depends on the wavelength in a periodic 
manner and so does the resulting transmission modulation. [ 152 ]  

 Exploiting the strong refractive index modulation achievable 
via a thermo-optic effect, a number of approaches for routing SPP 
signals have been proposed. Reversible switching of the mode 
between the outputs of a directional coupler via resistive heating 
of the coupling region was observed. [ 151 ]  Alternative routing 
approaches, based on conventional designs of add-drop fi lters, 
i.e., single- or double-WRR structures, were investigated. [ 154 ]  
Low power consumption (down to a fraction of mW) and fast 
switching times (down to few μs) were experimentally demon-
strated for switching the signal in silicon-on-silica photonic cir-
cuits with incorporated DLSPPW-based active components. [ 155,156 ]    

  6.     Figure of Merit for Plasmonic Waveguides in 
Integrated Photonic Circuits 

 Following the advantages offered by the plasmonic approach 
in terms of fi eld localisation and active control of the optical 

signal, numerous plasmonic waveguiding geometries have 
been proposed (Figure  1 ). The designs cover the whole range of 
achievable mode sizes from tens of nanometers to micrometers, 
and related propagation lengths from sub-micrometer to cen-
timeter scales. In fact, there is a general trade-off between these 
two characteristics: higher confi nement usually corresponds to 
a larger portion of the mode propagating in the metal, which 
leads to higher losses and therefore a lower propagation length. 
In these circumstances, to compare the diverse variety of plas-
monic waveguides, a fi gure of merit was introduced to quanti-
tatively characterize their guiding performance. [ 157 ]  As the best 
starting point, the fi gure of merit 

    
M

L

S
A propπ= ⋅21

  
(10)

 

 represents a straightforward measure of the above-mentioned 
trade-off: a ratio between the signal propagation length  L prop  , 
refl ecting the propagation characteristic of the mode and the 
size of the mode S1/2 ( S  is the effective mode area), refl ecting 
its confi nement. Although it has a clear physical meaning 
and gives a vivid characterization of the mode as such, it is 
not ideal for benchmarking the performance of the wave-
guide for the implementation in highly integrated optical cir-
cuits. The square root of the mode area in the denominator of 
MA

1  is effectively a measure of how closely parallel waveguides 
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 Figure 18.    a) SEM image of a DLSPPW racetrack resonator fabricated with PMMA on a thin gold fi lm. b) Transmission spectra of the resonator in (a) for 
different temperatures. c,d) LRM images of a race-track resonator ( R  = 5.8 µm,  L  = 2.5 µm, edge-to-edge racetrack-waveguide gap  G  = 240 ± 40 nm) recorded 
at λ = 1538 nm at c) 298 K and d) 373 K (scale bar is 10 µm). Reproduced with permission. [ 95 ]  Copyright 2011, American Institute of Physics. e) Mach–Zehnder 
interferometer with the end-fi re in- and out-coupling components. The resistive-heating voltage is applied to the electrodes. f) Dependence of the CAP-
polymer-based MZI transmission at  λ  = 1550 nm on the applied electric power for two measured structures. g) Dependences of the MZI transmission 
at λ = 1550 nm on the modulation frequency. Reproduced with permission. [ 152 ]  Copyright 2012, Optical Society of America.
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can be packed on a chip. However, modes with the same effec-
tive areas can be coupled more effi ciently or less effi ciently to 
the neighboring waveguide depending on their spatial fi eld 
distributions. Furthermore, it has been shown that there is a 
variety of ways to quantify the effective mode area, frequently 
giving essentially different and even opposite results. [ 158 ]  There-
fore, the above fi gure of merit was modifi ed in order to include 
a direct measure of the coupling effi ciency. [ 40,99 ]  When two par-
allel waveguides are placed next to each other, their coupling 
leads to the tunneling of the mode from one waveguide to 
another with a full energy transfer after a distance  L coupl  . With 
this in mind, the waveguide center-to-center separation  d sep   cor-
responding to L d Lcoupl sep prop( ) = 4  will give a direct measure of 
the achievable integration density: after one propagation length 
(when mode intensity will decrease in ≈2.7 times), only 15% of 
the mode energy will be coupled in the neighboring ‘aggressor’ 
waveguide. Therefore, using the coupling distance approach, 
the fi gure of merit can be represented as [ 99 ] 

    
M

L

d
B prop

sep

=1

  
(11)

   
 The second main parameter characterizing particularly the 
performance of a multi-branched waveguide circuit is an ideal 
radius, minimising signal loss along a curved waveguide sec-
tion. This parameter defi nes the size of all circuit components, 
such as splitters, WRRs, MZIs, etc. The ideal waveguide radius 
is a trade-off between the Ohmic losses (higher for larger radii) 
and radiation losses (higher for smaller radii). [ 109 ]  The fi gure 
of merit introduced as [ 157 ] M L n nprop eff surr( )= ⋅ −22 , where  n eff   is 
the mode effective index and  n surr   is the refractive index of the 
surrounding medium, gives only a partial answer. It takes into 
account only the radiation losses: the further the SPP mode dis-
persion from the light line, the lower the coupling effi ciency 
to scattered light and, similarly, the further the SPP mode dis-
persion from the planar-surface SPP dispersion, the lower the 
coupling effi ciency to unbounded SPPs. At the same time, with 
the value of such FOM fi xed, the radiation losses are also infl u-
enced by the particular waveguide geometry. As an alternative 
solution, the all-inclusive fi gure of merit for multi-branched 
plasmonic circuitry was proposed, taking into account both 
Ohmic and radiation losses and directly estimating the wave-
guide bends performance: [ 40 ] 

    
M

L

d

T r

r
C prop

sep

( )= ⋅⎛⎝⎜
⎞
⎠⎟1

max   
(12)

 

 where T r r( )( )/
max

 is the maximum of transmission-to-radius 
ratio, found varying the bend radius. Here, as a universal 
building shape for both waveguide bends, splitters and ring 
resonators, we took the bending shape in a form of a circular 
arc. In more narrow case of waveguide bends and splitters, 
one can get approximately 10% improvement in performance 
(for reasonably high transmission levels) using sine-based 
shapes. [ 116,86 ]  

 The obtained fi gure of merit was derived using ‘local’ charac-
teristics of the waveguide performance: the cross-talk between 
neighboring waveguides and waveguide bend performance. 
The most relevant to the practical applications, however, is the 
estimation of the global performance of the multi-branched 

plasmonic circuit as a whole data communication architecture. 
The most general benchmark describing the performance from 
these prospective can be defi ned as a bandwidth per unit area 
achievable in the circuit divided by the power loss per unit area 
due to Ohmic and radiation losses. Considering the case of 
multi-branched circuitry containing both straight and curved 
waveguide sections, the following expression for such ‘global’ 
fi gure of merit can be derived: [ 159 ] 

    

M B
L

d

L r

r
pass

prop

sep

prop
bend ( )

= ⋅ ⋅
⎛
⎝⎜

⎞
⎠⎟

max   

(13)

 

 where  B  is the waveguide single-stream bandwidth (Equation  ( 5)  , 
with the characteristic length  L  =  L prop  ) and L rprop

bend ( ) is the mode 
propagation length along a waveguide curved section, infl u-
enced by both Ohmic and radiation losses. Strikingly, although 
the local (Equation  ( 12)  ) and global (Equation  ( 13)  ) fi gures of 
merit are derived from absolutely different perspectives, they 
refl ect essentially the same dependences of the waveguide 
performance characteristics. The only difference is that in the 
former case the bend transmission-to-radius ratio  T ( r )/ r  is 
maximized, while in the second the same should be done for 
the propagation characteristic of the section L r rprop

bend ( )/ . At the 
same time, the global FOM includes important parameter—the 
waveguide single-stream bandwidth—which was completely 
disregarded before. 

 The derived global fi gure of merit was applied to evaluate 
the performance of the main types of plasmonic waveguides 
( Table    2  ). The relevant waveguide characteristics were found 
using 2D eigenmode and full 3D fi nite element numerical sim-
ulations. For a fair comparison all the waveguides were imple-
mented on a gold material platform at telecommunication 
wavelength  λ  = 1550 nm. Additionally, in the case of a wire-
MIM waveguide, Al was considered to make a comparison with 
the design from the original experiments. As expected, a trade-
off between  L prop   and  d sep   is observed for all the waveguides. The 
propagation length along the ideally curved section Lprop

bend  is a 
factor of 1.2–4 shorter than  L prop  , while the ideal radius can be 
of the same order as the waveguide cross-section in the case of 
the most highly-integrated waveguides, or can be up to 3 orders 
of magnitude larger in the case of, e.g., long-range waveguides. 
Due to small interconnect lengths, if nonlinearity is neglected, 
the calculated bandwidth  B  reaches extremely high values 
of tens of Tb s −1 , corresponding to the signal carrying pulses 
containing just a few fi eld oscillations. Thus, the single-stream 
bandwidth will practically be limited by the current electronic 
data modulation technology presently capable of 10–100 Gb s −1  
modulation and detection rates, while the overall bandwidth 
can be substantially increased using WDM techniques. 

  An interesting universal trade-off can be observed from Table  2  
for the characteristics of plasmonic waveguides of completely 
different designs: the cross-talk limited photonic integration 
of straight data lines can be different by 2 orders of mag-
nitude, the bend radii can be different by 5 orders of mag-
nitude, propagation lengths can be different by 4 orders of 
magnitude (cf.  d sep  ,  r  and  L prop   parameters for, e.g., long-
range and wire-MIM waveguides), but the global FOM values 
fall within 2 orders of magnitude interval for all considered 
waveguides. This, however, can be regarded as a considerable 
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difference, and the derived fi gure of merit can indeed be used to 
benchmark the performance of waveguides of various designs. 
Furthermore, as can be seen from Table 2, the particular geo-
metrical and material parameters can modify the fi gure of 
merit within the same waveguide type by at least 2 times, which 
makes it useful to optimize the performance of the waveguide 
of choice. Analyzing the results presented in Table  2 , one can 
conclude that the DLSPPW has as good guiding effi ciency as 
other plasmonic waveguides, at the same time having all the 
advantages in terms of fabrication and active functionalities, 
while its hybrid modifi cations demonstrate the best network 
performance in terms of the global fi gure of merit. It is also 
important to note that while FOMs provide a global overview 
of the generic performance of the various waveguides, practical 
requirements, such propagation length or mode confi nement, 
should be considered for each application separately since they 
may be determining the design parameter space. Traditional 
silicon-on-insulator (SOI) technology provides the mode propa-
gation distances  L prop   on centimeter scale, practically limited by 
waveguide wall roughness. [ 162 ]  For typical sizes of 1 cm long, 
450 nm × 220 nm SOI waveguides, waveguide separation dis-
tances  d sep   ≈ 1.2 μm, waveguide bends  r  ≈ 1 μm and the data 
bandwidth of  B  ≈ 3.2 Tb s −1  can be estimated (cf. Table  2 ). 

 To make this discussion complete, we need to point out that 
using the same approach it is also possible to introduce a fi gure 
of merit for active waveguide components: [ 159 ] 

    
M A

f

P
act = Δ

  
(14)

 

 where  A  is the absorption loss, Δ f  is the operational bandwidth 
and  P  is the power required for a switching event at a standard 
3 dB level. At the same time, benchmarking of various active 
components is very design-specifi c and lies beyond the scope 
of this review.  

  7.     Signal Amplifi cation in DLSPP Waveguides 

 Although the propagation lengths of plasmonic wave-
guides are large enough to establish middle-range on-chip 

communication, it will be extremely benefi cial to extend them 
to larger, long-range scales. This can be done through ampli-
fi cation of the plasmonic signal and will be discussed in this 
section. Further development of the amplifi cation approaches 
have led to the development of integrated plasmonic lasers. [ 163 ]  

  7.1.     Specifi cs of Plasmonic Signal Amplifi cation 

 The general approach for amplifi cation SPP waves [ 45 ]  is straight-
forward with DLSPPWs: a dielectric at the SPP-supporting 
interface should be a gain medium. Upon optical or electrical 
pumping, the emitters near (around 100 nm) the metal surface 
can radiate directly in the SPP mode via stimulated emission, 
so that the mode will be amplifi ed. [ 86 ]  The dielectric core of the 
DLSPP waveguide contains the predominant part of the mode 
energy and can be used as an active medium upon doping it 
with lasing atoms, molecules or quantum dots. 

 The dynamics of the emission in the active medium in the 
presence of plasmonic effects is, however, more complicated 
than in conventional dielectric waveguides or optical fi bres, 
and depends on the specifi cs of plasmonic wave amplifi ca-
tion. [ 49 ]  The exited state of the emitter has, in the presence of 
a plasmonic material, a variety of ways to radiate: photonic 
and plasmonic relaxation channels, as well as nonradiative 
near-fi eld quenching into the metal. [ 60 ]  This results in a spa-
tial dependence of excited state life times, infl uencing gain 
dynamics, which should be taken into account in a rigorous 
way in the rate equations. The theory of SPP amplifi cation was 
fi rst developed for a long-range SPP waveguide [ 49 ]  and then 
further extended to DLSPPW modes. [ 164,165 ]  The problem of 
competition of the relaxation channels can generally be treated 
using a Green tensor formalism [ 164 ]  or a rigorous Purcell factor 
mapping implemented in fi nite element method numerical 
simulations. [ 165 ]  

 In the case of optical pumping, the nature of plasmonic 
waveguides possessing metallic components, inevitably leads 
to a non-uniform spatial distribution of the pump intensity, 
which also adds complexity to the process of excitation and 
SPP emission in the gain medium, due to spatially-dependent 
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 Table 2.     Benchmarking characteristics for various plasmonic waveguide and comparison of the performance of the waveguides using global fi gure of 
merit (Equation  ( 13)  ).    

 Waveguide type/  
 Characteristic 

 B  L prop   d sep  Lprop
bend  r  M pass  

Long-range waveguide [160] 14 Tb s −1 1.75 mm 12 µm 1.1 mm 3 mm 0.75 × 10 3  Tb s −1 

DLSPPW [116] 39 Tb s −1 45 µm 1.8 µm 31.5 µm 6 µm 6.1 × 10 3  Tb s −1 

Hybrid waveguide  70 Tb s −1  [ 42 ]  

 20 Tb s −1  [ 161 ]  

 45 µm [ 42 ]  

 16.3 µm [ 161 ]  

 1.05 µm [ 42 ]  

 1.3 µm [ 161 ]  

 38 µm [ 42 ]  

 15.1 µm [ 161 ]  

 2 µm [ 42 ]  

 3.5 µm [ 161 ]  
56.9 × 10 3  Tb s  −1  [42]  

1.1 × 10 3  Tb s −1  [161] 

Wire waveguide (asym. mode) [40] 61 Tb s −1  

(InGaAs coat.)

90 Tb s −1  (SiO 2  coat.)

310 nm 

(InGaAs coat.) 

1.2 µm (SiO 2  coat.)

85 nm 

(InGaAs coat.) 

200 nm (SiO 2  coat.)

110 nm 

(InGaAs coat.) 

123 nm (SiO 2  coat.)

12.5 nm 

(InGaAs coat.) 

12.5 nm (SiO 2  coat.)

2 × 10 3  Tb s −1  

(InGaAs coat.) 

5.3 × 10 3  Tb s −1  

(SiO 2  coat.)

Wire-MIM waveguide 70 Tb s [69]  139 Tb s −1  (Al) 

 86 Tb s −1  (Au) 

 420 nm (Al) 

 480 nm (Au) 

 65 nm (Al) 

 60 nm (Au) 

 196 nm (Al) 

 405 nm (Au) 

 12.5 nm (Al) 

 12.5 nm (Au) 
 14.1 × 10 3  Tb s −1  (Al) 

 22.3 × 10 3  Tb s −1  (Au) 
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fi eld profi les. If an SPP wave is used for pumping, the required 
fi eld overlaps can be optimized ensuring the delivery of the 
highest pump intensity exactly where it is needed the most: at 
the same metal interface supporting the signal SPP mode, and 
the stimulated emission effi ciency can be increased 10-fold. [ 166 ]  
The SPP pump is also advantageous from the point of view of 
integration, removing the need of the external illumination of 
the waveguide. It, however, poses challenges in ensuring that a 
SPP pump has suffi cient propagation length in the waveguide 
to provide the required energy transfer to the signal SPP mode. 
Finally, it should be noted that the amplifi cation of the propa-
gating plasmonic waves presents an easier task than the ampli-
fi cation of their localized counterparts, [ 167 ]  which may be a basis 
of nanoscale coherent light sources, the so-called ‘spasers’. [ 168 ]   

  7.2.     Amplifi cation of DLSPPW Mode Using Optically Pumped 
Gain Medium 

 Amplifi cation of a plasmonic mode in the DLSPP waveguide 
was experimentally demonstrated by introducing a gain material 
in the DLSPPW dielectric core. PbS quantum dots (QDs) with 
emission peak near the signal SPP wavelength of λ = 1525 nm 
were considered ( Figure    19  a). [ 169 ]  Under the illumination of the 
entire DLSPPW structure with a low intensity 532 nm pump 
light, spontaneous emission of the quantum dots into the fun-
damental TM 00  DLSPPW mode was confi rmed (Figure  19 b). 
Plasmonic amplifi cation was then demonstrated by adding a 
signal SPP with the wavelength resonant to the PbS radiative 
transition and achieving stimulated emission. A substantial 

increase of the apparent propagation length from 13.5 μm to 
17 μm (approximately 25% increase) was observed (Figure  19 c). 
The stimulated emission phenomenon, the signature of 
which is the narrowing of the signal spectrum, [ 61 ]  was further 
confi rmed by analyzing the width of the mode in the Fourier 
space (Figure  19 d). [ 169 ]  The idea of QD-assisted plasmonic 
amplifi cation in DLSPP waveguides was later extended to 
shorter near-infrared [ 170 ]  and visible wavelength ranges. [ 171 ]  

    7.3.     SPP Amplifi cation in Semiconductor-based DLSPP 
Waveguides Under Electric Pumping 

 Optical pumping approach requires the use of external powerful 
light sources, which is not always compatible with the highly-
integrated plasmonic circuit architecture. Electrical pumping 
approach is better suited for direct integration with optoelec-
tronic applications. To realize electrical pumping, the approach 
based on metal–semiconductor Schottky contacts has been pro-
posed. [ 54 ]  The plasmonic waveguide was formed by interfacing 
a plasmonic fi lm with an active InAs ridge where the SPP 
amplifi cation via population inversion upon electronic injection 
can be achieved in a Schottky contact ( Figure    20  a). The lattice-
matched AlAs 0.16 Sb 0.84  electric back-contact completes the elec-
tric circuit, while a low refractive index SiO 2  matrix insured 
high confi nement of the plasmonic signal. The SPP waveguide 
was designed for a wavelength of λ = 3.16 μm, corresponding 
to the peak in InAs emission spectrum. With a width of 
350 nm and a height of 2000 nm, it supports a highly localized 
(on the order of λ/10) fundamental DLSPPW-type TM 00  mode 
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 Figure 19.    a) Schematic of a DLSPP waveguide with the PMMA core doped with quantum dots (QDs). b) QD fl uorescence near  λ  = 1500 nm recorded 
in the Fourier plane under the optical excitation (λ = 532 nm). The arrows indicate the different effective indices ( n eff   =  k y  / k  0 ) of the modes existing 
within the illuminated area. c) The intensity dependence of modal gain. Inset shows the LMR image of taper-assisted launching of the DLSPPW mode 
and its propagation along the waveguide. d) The intensity dependence of the full-width-at-half-maximum (FWHM) of the effective mode index variation 
Δ n eff   related to the mode propagation length. Reproduced with permission. [ 169 ]  Copyright 2009, American Chemical Society.



1684 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
EV

IE
W

with the effective index ( n eff   = 2.68) and the propagation length 
of  L prop   = 72.2 μm (Figure  20 b–d). 

  Upon application of a bias voltage, electrons and holes are 
injected in the active InAs region, creating the population 
inversion (Figure  20 a). When the energy separation between 
the quasi-Fermi levels of electrons and holes becomes equal to 
energy of the SPP, stimulated emission into the SPP mode is 
initiated. The SPP mode propagation losses can be fully com-
pensated at moderate current densities ≈10–30 kA cm −2 ; above 
these values the mode is effi ciently amplifi ed (Figure  20 e). The 
possibility of the loss compensation for the SPP signal with 
100 Gb s −1  bit-rate was demonstrated. This approach has been 
further developed to design a nanoscale plasmonic laser based 
on a SPP ring resonator. [ 165 ]    

  8.     Other Types and Applications of DLSPP-Based 
Plasmonic Waveguides 

  8.1.     Long-Range and Symmetric DLSPP Waveguides 

 The concept of long-range plasmonic modes can also be 
extended to the DLSPP waveguide geometry. It is based on 

the fact that if the thickness of the SPP-supporting metal fi lm 
becomes suffi ciently small (few tens, typically, 20 nm), the SPP 
modes at its top and bottom interfaces become coupled. [ 172,173 ]  
Particularly interesting is the case of the fi lm in a symmetric 
environment, when the dielectric above and below the metal 
fi lm is the same material or different materials with very close 
refractive indexes. For the mode with a symmetric fi eld distri-
bution of the normal-to-the-surface component of the electric 
fi eld, the electromagnetic fi eld is pushed out of the metal, 
which leads to the dramatic reduction of the absorption losses 
with SPP propagation length of the symmetric mode on the 
centimeter scale. Its counterpart is a highly localized and very 
absorptive mode with an anti-symmetric fi eld distribution. The 
metal fi lm can be structured to achieve micrometer-wide metal 
stripe waveguides for a long-range SPP mode. [ 33 ]  

 This long-range propagation however comes at the price of 
an increased modal size and the effective index of the mode 
being closer to the refractive index of the surrounding media. 
The latter defi nes the lower limit for the waveguide bending 
radius to be of the order of several millimeters (see Table  2 ). 
To counteract these effects, an approach based on loading the 
long-range metal stripe waveguides with dielectric ridges was 
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 Figure 20.    a) Schematics of an active plasmonic waveguide based on the active p-type InAs ridge and the passive p-type AlAs 0.16 Sb 0.84  layer. b–d) Power 
fl ow distributions of the TM 00  guided as well as TM 10  and TE 00  leaky SPP modes for the waveguide with  w  = 350 nm,  H  = 2000 nm, and  h  = 800 nm 
at the SPP wavelength of λ = 3.16 µm, which corresponds to the maximum gain in InAs. e) Current-gain characteristic for the TM 00  mode for different 
sizes of the active region. Adapted with permission. [ 54 ]  Copyright 2012, ACS.
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proposed [ 174,175 ]  ( Figure    21  a): the dielectric ridge both localizes 
the mode and increases the effective index contrast. In order to 
obtain the longest propagation length, the key approach here 
is ensuring the most symmetric fi eld distributions with respect 
to the metal stripe, corresponding to the minimal confi nement 
of the plasmonic fi eld in the metal and, therefore, minimizing 
absorption losses. This was realized by placing a high refrac-
tive index buffer layer between the metal fi lm and a low refrac-
tive index substrate. Varying its thickness, waveguide width and 
height and the width of the gold stripe, the optimal waveguide 
geometries for various materials were found with the mode 
propagation lengths approaching several millimeters. [ 174,175 ]  
Well-defi ned propagation of the long-range DLSPPW mode 
with confi nement approximately 1 μm and even below was 
observed at telecom wavelengths (Figures  21 b,c). [ 176,177 ]  The 
propagation length of the mode was about 0.5 mm (affected by 
the leakage due to a fi nite thickness of the dielectric layer and 
the fabrication imperfections), while the theoretical estimation 
for the potential propagation length is about 3 mm. An effi -
cient transmission of the mode through a waveguide S-bend 
was demonstrated with just ≈1.8 dB loss for the waveguide 
separation of 10 μm and the S-bend horizontal length of 20 μm 
(Figure  21 b,c). 

 An alternative development of the same idea is realized in 
the so-called symmetric DLSPP waveguides, where the dielec-
tric core is mirrored across the thin metal fi lm with an identical 
or similar ridge. [ 178,179 ]  Symmetrization of the fi eld profi les was 
achieved by varying the thickness of the bottom dielectric ridge 

 h down   (Figure  21 d). [ 179 ]  At the price of acceptable increase of 
the modal size, the propagation length can be increased up to 
321 μm. More importantly, the strong guiding performance of 
the DLSPPW is preserved: the quality factors of the ring resona-
tors made from the waveguide of such geometry are actually 
improved. They are even higher than those of micro-ring die-
lectric resonators, with plasmonic waveguides having an addi-
tional advantage to effi ciently control the mode utilizing the 
metallic layer for active functions.   

  8.2.     Semiconductor-loaded Waveguides 

 As discussed above, one of the crucial advantages of the plas-
monic approach is its seamless integration into electronic 
microchips to realize hybrid electronic/photonic circuits where 
electronic and photonic signals can be transferred along the 
same lines. Furthermore, with the possibility of their interac-
tion through electro-optic or thermo-optic effects, active control 
nodes can be introduced, making the circuitry fully functional. 
In order to achieve such integration in the case of DLSPP 
waveguides, their material platform should be compatible with 
the CMOS fabrication processes used in microelectronics. Sil-
icon in this case becomes one of the main candidates for the 
dielectric core material. An additional advantage of using high 
refractive index material is the possibility of higher confi ne-
ment of the plasmonic mode, providing also an increase of the 
mode effective index. This makes the DLSPPW components 
more compact, allowing higher integration density. 
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 Figure 21.    a) Schematic of the cross-section of the fabricated long-range DLSPP waveguide. The inset shows time-averaged electric fi eld distribution 
of the fundamental LR-DLSPPW mode calculated at λ = 1550 nm. b) Topography and c) near-fi eld optical images of a long-range DLSPPW S-bend 
at a wavelengths of  λ  = 1450 nm. Reproduced with permission. [ 176 ]  Copyright 2011, Optical Society of America. d) Schematic of a symmetric DLSPP 
waveguide placed on a silica substrate and the electric fi eld  E y   distribution of the SPP mode in the optimized waveguide geometry ( h down   = 310 nm). 
Reproduced with permission. [ 179 ]  Copyright 2009, Optical Society of America. e) Figures of merit for Si/Al SPP waveguide. Inset shows the distribution 
of the power fl ow along the waveguide. Adapted with permission. [ 99 ]  Copyright 2010, Optical Society of America. f) A hybrid optical waveguide based on 
a high refractive index nanowire separated from a metallic half-space by a nanoscale low refractive index dielectric spacer. g) DLSPPW-based realization 
of a hybrid waveguide: Ez  fi eld profi le and guiding characteristics of the mode in the case of  w  = 200 nm,  h  = 150 nm, and  t  = 50 nm. Reproduced 
with permission. [ 161 ]  Copyright 2010, American Institute of Physics. h) Symmetric hybrid DLSPPW design. Reproduced with permission. [ 180 ]  Copyright 
2009, Optical Society of America. k) Adiabatic nanofocusing of the electromagnetic fi eld in a hybrid DLSPPW–metal–ridge mode. Adapted with permis-
sion. [ 181 ]  Copyright 2009, American Institute of Physics.
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 Comprehensive numerical analysis of Si-based DLSPP 
waveguides can be realized in conjunction with the CMOS-
compatible aluminum or copper material platform. [ 99 ]  As 
expected, with the DLSPPW design scaled down in 2–3 times, 
a substantial decrease of the mode area (≈5–10 times) was 
observed accompanied by a proportional decrease of the prop-
agation length (below 10 μm). The performance of Si-based 
waveguides depends on their width–height ratio. The depend-
ence of a ‘local’ fi gure of merit (Equation  ( 12)   with additional 
assumptions on the fabrication resolution) on the geometrical 
parameters of the Si/Al waveguide is presented in Figure  21 e, 
implying the cross-section 300 nm × 300 nm to be close to the 
optimal. Additionally, the performance of CMOS-compatible 
Al- and Cu-based Si-DLSPP waveguides was compared with 
that of the conventional Si-DLSPPW design utilizing gold. Alu-
minium showed the plasmonic guiding properties as good as 
those of gold, while for copper the propagation lengths were 
found to be ≈2 times shorter. As was demonstrated later, the 
plasmonic properties of copper deposited in a standard CMOS 
fabrication process may match those of the noble metals, thus 
improving the FOM. [ 182,183 ]  DLSPP waveguides based on CdS 
nanostripe deposited on an Ag fi lm were also demonstrated in 
visible frequencies. [ 184 ]   

  8.3.     Hybrid DLSPP Waveguides 

 An interesting approach to the plasmonic mode confi ne-
ment in DLSPPW-type waveguides relies on a stripe made of 
high refractive index material placed at nanometer distance 
above a metal surface using a low refractive index spacer 
(Figure  21 f). [ 185 ]  Plasmonic oscillations at the metal interface of 
the resulting gap produce the polarization charges at the stripe 
interface of the gap, effi ciently screening the electromagnetic 
fi eld penetration into the stripe. This results in a highly local-
ized plasmonic mode. In some sense, the nature of the mode 
here is similar to the one in MIM plasmonic waveguides. In 
alternative consideration, the enhancement of the fi eld can 
be regarded as a result of continuity condition for the electric 
displacement, resulting in stronger fi elds in the low refractive 
index gap. The term ‘hybrid’ comes from the fact that the origin 
of the mode can be traced to the coupling of a 2D plasmonic 
wave at the metal interface with a photonic mode in the high 
refractive index core. [ 185 ]  

 This approach was fi rst developed for a silicon dielectric 
core separated from a silver surface by a 50 nm silica pro-
viding strong confi nement of the mode in the silica gap 
(Figure  21 g). [ 161,186,187 ]  Such waveguides show smaller cross-
talk in comparison with the conventional plasmonic DLSPPW 
design, allowing a 1.5 μm center-to-center integration level 
without noticeable signal transfer. The theoretical propagation 
length of the mode was found to be 64 μm for silver [ 188 ]  while 
for gold [ 189 ]  it is reduced to approximately 15 μm. Component 
integration level on the other hand offers a promise to be at 
a 1 μm level: the mode transmission of ≈70% was measured 
through both a circular bend [ 161 ]  and a splitter of this size [ 186 ]  
and a coupler to conventional silicon waveguiding circuitry 
was demonstrated. [ 190 ]  The wavelength-selective components 
such as WRRs and add-drop fi lters of 2 μm radius were also 

demonstrated, [ 187 ]  and it seems feasible that their size can be 
further reduced. The advantage of the hybrid approach is a 
larger propagation length with approximately the same effec-
tive mode index and mode size. [ 191 ]  An alternative design of the 
hybrid Si-plasmonic waveguide uses a void along an axis of a Si 
ridge. [ 192 ]  

 Combining the hybrid-DLSPPW approach with the idea 
of increasing the mode propagation length using symmetric 
distribution of the SPP mode in a thin metal fi lm geom-
etry (discussed in the previous section), symmetric hybrid-
DLSPP waveguides were proposed (Figure  21 h). [ 180,193 ]  With 
the optimal geometrical parameters of such waveguides, the 
propagation length can be increased to almost 1 mm level at 
a cost of a cross-talk defi ned integration level of 3–3.5 μm. On 
the other hand, using metal instead of high-index dielectric 
material (which implements a MIM-type guiding principle in 
the so-called metal-loaded SPP waveguides) allows extremely 
high mode confi nement levels and strong guiding properties 
(integration level of 65 nm, electronic circuit scales waveguide 
bending with a vanishing bending radius), as usual, at the price 
of the increased attenuation  L prop   ≈ 0.5 μm (see Table  2 ). [ 69 ]  
The implementation of active, e.g., III–V, semiconductor mate-
rials for the waveguide core has a crucial advantage for the 
realization of the amplifi cation of the guided mode in this 
geometry. [ 54,52 ]  Finally, it should be noted that graphene-based 
DLSPPW waveguides have been recently proposed, promising 
electrically-controlled active functionalities and enhanced non-
linear properties in mid- to far-infrared regions. [ 194,195 ]   

  8.4.     Other Applications of DLSPPWs 

 We fi nally briefl y overview other functionalities and appli-
cations offered by the DLSPPW approach. The portfolio of 
DLSPPW passive, wavelength-selective and active compo-
nents was further extended with experimental demonstration 
of an integrated power monitor. Propagating along a straight 
waveguide section, the DLSPPW mode inevitably experiences 
absorption, which leads to a temperature change in the metal 
fi lm supporting the waveguide. This results in a change of the 
fi lm resistance, which can be monitored by a carefully balanced 
electrical scheme (Wheatstone bridge). [ 196 ]  The waveguide sec-
tion of a 46 μm length provides approximately 1.8 μV μW −1  
sensitivity having only a weak dependence on the signal wave-
length with a bandwidth up to 550 Hz in modulation frequen-
cies. The SPP signal power as low as fractions of microwatts 
can be detected. 

 As discussed above, the transmission through the DLSPPW 
ring resonator is highly sensitive to the phase delay acquired 
by the mode during a cycle around the ring, which in its turn 
is defi ned by the refractive index of the ring material. In case 
of polymers, the refractive index is temperature-dependent 
and can be changed through a resistive heating of the under-
lying metal fi lm. This was used to realize DLSPPW thermo-
optic components. Looking from another prospective, this 
means that the WRR transmission is sensitive to the ambient 
temperature, leading to the idea of a WRR-based temperature 
sensor. [ 197,198 ]  The temperature variations of about ≈1 °C were 
monitored with the estimation of a minimal detectable level 
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of 10 −2  °C. The component size of ≈10 μm makes it specifi cally 
suitable for local temperature detection, furthermore by design 
being easily integrated into an on-chip architecture. 

 The idea of adiabatic fi eld compression was used to develop 
a triangular DLSPPW profi les for nanofocusing of the sup-
ported SPP modes; the focusing down to a 100 nm spot was 
demonstrated. [ 199 ]  Similarly, nanofocusing to truly nanoscale 
dimensions was reported by incorporation into the dielectric 
core of DLSPPW a triangular metallic ridge waveguide with 
an adiabatically increasing height (Figure  21 k). [ 181 ]  Through 
adiabatic transformation of the DLSPPW mode, a dramatic con-
centration of the SPP fi eld at the ridge tip can be achieved in an 
approximately 11 nm × 5 nm area. This focused mode can be 
impedance matched to a neighboring material to provide effec-
tive light absorption in a 30 nm × 30 nm area in the near fi eld 
of the waveguide tip. Such local effects are highly demanded for 
the development of high-density data storage, and in particular 
for heat-assisted magnetic recording. [ 200 ]  Alternative applica-
tions of this phenomenon include sensing, scanning near-fi eld 
microscopy and the realization of nanoscale light sources. 

 It is hardly possible to give an exhaustive list of DLSPPW 
applications. Concluding this section, we will just highlight 
the DLSPPW-related approaches in refractive index sensing 
for bio- [ 201,202 ]  and chemical sensing, [ 203,204 ]  for studies of 
quantum properties of plasmons [ 205–207 ]  and their Anderson 
localization. [ 208 ]    

  9.     Conclusions 

 Plasmonics offers a unique opportunity to introduce light into 
the nanoworld. Breaking the diffraction limit of light, the plas-
monic approach makes a qualitative step into a new spatial 
domain, where optics can now play an important and prom-
ising role. From the practical point of view, plasmonics offers 
a vast family of applications in the various fi elds from biology 
and sensing to metamaterials and quantum technologies. We 
focused here only on applications of plasmonics in highly-
integrated fully-functional optical circuits which can match the 
integration level of their electronic counterparts and are easily 
integratable into them to produce new generation of hybrid 
electronic/photonic devices. We overviewed the recent advances 
in the development of active and passive components for such 
circuits on the basis of dielectric-loaded plasmonic waveguides. 
The DLSPPW approach provides subwavelength confi nement 
of the plasmonic mode along with the micrometer level of 
photonic integration, allowing experimentally proven WDM 
data transmission rates of up to 0.5 Tb s −1 , while the theoret-
ical limit is on the order of 10 Tb s −1  in a single data stream, if 
nonlinearities are neglected. A complete toolbox of passive and 
wavelength-selective components including bends, splitters, 
Bragg refl ectors, ring resonators, etc. has been demonstrated. 
Furthermore, all-optical, electro-optical and thermo-optical 
components have been developed for active functionalities. The 
DLSPPW approach provides vast opportunities for the develop-
ment of other improved and purpose-fi t plasmonic waveguide 
designs as well as has a potential for a number of alternative 
applications. Such waveguides can be incorporated in other pho-
tonic networks based, e.g., on Si photonics to provide low-energy, 

high-speed active components, which can be realized engi-
neering strong light–matter interaction in plasmonic devices.  
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