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Fig. 1. (a) and (b) Electric field distributions of two lowest order modes in a sliver nanowire with a radius

of 60 nm at the excitation wavelength A = 633 nm; (c) the effective refractive index and propagation length

of the TMp and HE; modes as a function of the nanowire radius. Reprinted with permission from Ref. [36]

Copyright 2014 Springer Nature.
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Fig. 2. (a) Dispersion relationship of the three lowest order modes in a silver nanowire (R = 100 nm) in air and placed

on an air-glass interface respectively; (b) schematic drawing of primary plasmons interact with dielectric substrate;

(c) normalized surface charge contour (left) and time-averaged power flow (right) of the three hybridized modes

Ho, Hi1 and Hz. Reprinted with permission from Ref. [40] Copyright 2012 American Chemical Society. (d) Surface

charge density on a Ag nanowire; (e) time-averaged power flow in the y-z plane at different positions along the

nanowire in steps of 0.2 pm (the white arrows highlight the rotation of electromagnetic energy); (f) periods of the

plasmon helix as a function of nanowire radius; (g) optical microscopic image of Ag nanowire show in (i) with scale
bar 5 pm; fluorescence images of chiral SPPs with right-handed (ii) and left-handed (iii) SPPs, (iv) and (v) with

incident polarization parallel and perpendicular to the nanowire axis. Reprinted with permission from Ref. [19]

Copyright 2011 American Physical Society.
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Fig. 3. (a) White light image of a nanowire-nanoparticle system with scale bar 5 pm; (b) fluorescence image of

the system for wide field illumination; (c) scattering optical images of the propagating SPPs on the nanowire at

different excitation polarizations; (d) fluorescence images corresponding to panel (c).

Reprinted with permission

from Ref. [41] Copyright 2014 Royal Society of Chemistry. (e) Optical image of the Ag NW network; (f) the intensity
of scattering light at O1 and O2 terminals for different input conditions. Reprinted with permission from Ref. [20]

Copyright 2011 American Chemical Society.
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Fig. 5. (a) The calculated propagation length as a function of the refractive index of the substrate; (b) the relationship
between the terminal emission intensity and the length of nanowires on different substrates of GaP, SiC, and CdTe
respectively (the diameters of the nanowires are D = 90-100 nm, the wavelength of excitation light is 633 nm).
(¢) The cross-sectional field distribution of silver nanowire SPPs at g = 2, 50 and 200 nm (the diameter of nanowire
d = 100 nm, ng,p = 1.45); the relationship between the effective refractive index (d) and propagation length (e) of
SPPs in silver nanowires and the thickness of Gap. Reprinted from Ref. [38] with the permission of AIP publishing.
(f) The relationship between the terminal emission intensities and the length of the nanowire corresponding to three
different thickness of SiO2 layers (the length of the nanowire is 4-4.5 pm, the diameter is 90-100 nm); (g) the
terminal emission intensity of the nanowire, the coupling efficiency of excited light and the propagation length of
SPPs as a function of SiOs thickness, respectively 391, (a), (b), (f), (g) Reprinted with permission from Ref. [39].
Copyright 2010 American Physical Society.
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of bending loss and bending radius. Reprinted with permission from Ref.[54] Copyright 2011 American Chemical

Society.
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Fig. 7. (a) Scattering light spectra of silver nanowires distal end faces; (b) spectral modulation depth around a light
wavelength of 785 nm as a function of nanowire lengths. Reprinted with permission from Ref.[55] Copyright 2005
American Physical Society. (c¢) Image of two-photon fluorescence excited by SPPs propagating along a silver nanowire;
(d) two-photon fluorescence intensity as a function of the position along the nanowire. Reprinted with permission
from Ref. [16] Copyright 2012 American Chemical Society. (e¢) Measurement of propagation loss for SPPs propagation
along silver nanowire using optical fiber coupling method; the left column are bright-field optical images and the right
column are corresponding dark-field optical images; (f) the terminal emission intensity and propagation loss at different

propagation distances. Reprinted from Ref. [61] Copyright 2018, with permission from Elsevier.
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Fig. 8. (a) Field intensity distribution of Ag nanowire on three different substrates ((i) a 30 nm thick Si layer is
deposited on a SiO2 substrate; (ii) a SiO2 substrate; (iii) a Si substrate); (b) the joule heat distribution on the
nanowire in (a). Reprinted with permission from Ref. [40] Copyright 2012 American Chemical Society. (c) Schematic

diagram of silver nanowire placed on a dielectric multilayer substrate and excited by the optical fiber tip; (d) the

effective refractive index and propagation distance of the Hi, mode as a function of the diameter of the silver

nanowire; the inset is the field distribution of Hi, mode of silver nanowire with 90 nm diameter (631, Reprinted with

permission from Ref. [63] Copyright 2018 American Chemical Society.
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Fig. 9. Schematic diagram of (a) Ag nanowires/graphene hybrid and (b) Ag nanowire on the Si substrate; the statistics
of SPPs propagation length measured from these two types of structures are shown in panels (c) and (d) respectively (617

Reprinted from Ref [61] Copyright 2018, with permission from Elsevier. (e) Schematic diagram of exciting SPPs for Ag
64]

nanowire on gain medium; (f) optical microscopic images of the Ag nanowire under three different excitation conditions |

Reprinted with permission from Ref. [64] Copyright 2014 American Chemical Society.
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Fig. 10. (a) SEM image of a Ag/ZnO nanowire hybrid coupler and corresponding dark field excitation image. Reprinted with

permission from Ref. [66] Copyright 2009 American Chemical Society. (b) Schematic of the hybrid photon-plasmon nanowire

laser which is composed of a Ag NW and an ultra-long CdSe NW coupled into X-shape. Reprinted with permission from

Ref. [24] Copyright 2013 American Chemical Society. (c) Schematic diagram of composite waveguide composed of Ir(ppy)s

organic nanowires and Ag nanowires excited by the focused ultraviolet laser beam; (d) bright-field and photoluminescence

microscopy images of a hybrid structure with three Ag nanowires on a Ir(ppy)s organic nanowires (scale bar is 10 pm).

Reprinted with permission from Ref.[67] Copyright 2013 John Wiley and Sons. (e) Schematic diagram of the optical

modulator based on the photon-plasmon coupling; (f) the light intensity at the end of the Ag nanowire and the excitation

point in the structure (e) as a function of polarization angle. Reprinted with permission from Ref. [68] Copyright 2012 John

Wiley and Sons.
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Abstract

Metal nanostructures can support surface plasmon polaritons (SPPs) propagating beyond diffraction limit, which
enables the miniaturizing of optical devices and the integrating of on-chip photonic and electronic circuits. Various
surface plasmon based optical components have already been developed such as plasmonic routers, detectors, logic gates,
etc. However, the high energy losses associated with SPPs’ propagation have largely hampered their applications in
nanophotonic devices and circuits. Developing the methods of effectively reducing energy loss is significant in this field.
In this review, we mainly focus on the energy losses when SPPs propagate in Ag nanowires (NWs). Researches on energy
loss mechanism, measurement approaches and methods of reducing energy loss have been reviewed. Owing to their good
morphology and high crystallinity as well as low loss in visible spectrum, chemically synthesized Ag NWs are a promising
candidate for plasmonic waveguides. The energy losses mainly arise from inherent Ohmic damping, scattering process,
leaky radiation and absorption of substrate. These processes can be influenced by excitation wavelength, the geometry of
NW and the dielectric environment, especially the effect of substrate, which is discussed in the review. Longer excitation
wavelength and larger NW diameter can induce decreased mode confinements and smaller Ohmic loss. The experimental
methods to measure the energy loss have been summarized. Researches on reducing energy loss have been reviewed
including applying dielectric layer or graphene between NW and substrate, replacing commonly used substrate with a
dielectric multilayer substrate, introducing gain materials, and forming hybrid waveguides by using the semiconductor or
dielectric NW. Specifically, the leaky radiation can be prevented when an appropriate dielectric layer is placed between
NW and substrate, and the mode confinement can be reduced which leads to decreased Ohmic loss. The gain materials
can be used to compensate for the energy loss during propagation. Compared with metal waveguides, semiconductor
or dielectric NWs suffer lower energy losses while decreased field confinement. Then the hybrid waveguides constructed
by metal and dielectric NWs can combine their advantages, which possesses reduced propagation loss. In addition, the
plasmon modes in NWs in a homogeneous medium and a substrate are briefly discussed respectively, followed by the
introduction to fundamental properties of SPPs propagation. Finally, perspectives of the future development of reducing
energy loss are given. The researches on reducing energy loss are crucial for designing and fabricating the nanophotonic

devices and integrated optical circuits.
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