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S
urface plasmon polaritons (SPPs) are
collective electromagnetic excitations
that propagate at an interface be-

tween dielectric and metal layers, evanes-

cently confined perpendicular to the inter-

face.1 The polaritons are considered to be a

potential optical data storage unit in highly

integrated photonic devices owing to their

high confinement near the interface and

their intrinsic localization. Surface plas-

monic crystals,2,3 surface-enhanced Raman

scattering,4,5 surface-enhanced second har-

monic generation,6,7 etc. have been demon-

strated as potential roles for SPP devices in

resonance sensing and imaging applica-

tions. Progress in nanoscale fabrication has

given rise to more fascinating applications

in superimaging negative refraction

metamaterial,8�10 plasmonic

lithography,11,12 and plasmonic

trapping,13�15 as well as the biological sens-

ing for cancer treatment16 that have remark-

ably extended the horizons of plasmon re-

search and development.

SPPs have been focused by coupling

the light into SPP modes with an array of

concentric circular metallic slits,17 a planar

circular grating milled into a Ag film,18 or

V-shaped channels etched in metal film

with tapered ends.19 However, all these fo-

cusing techniques are based on fabricated

nanostructures, that is, SPP modes propa-

gate along the track predefined by the

structure and generate a huge field en-

hancement at the tapered end. This kind of

SPP focusing induces a field disturbance

caused by the predefined nanostructures,

thus it cannot be used to investigate the ori-

gin of the SPP device’s properties.

The real part of the SPP propagation

constant � � (2�/�)[�d�m /(�d � �m)]1/2 is re-

lated to the SPP effective refractive index,

Neff � (�/2�)Re(�), where � is incident laser
wavelength, implying that a dielectric layer
on a metal surface can result in a higher SPP
index than a simple metal/air interface can
have. The SPP subwavelength waveguide
was proposed to overcome the diffraction
limitation so as to realize the electromag-
netic field confinement.20�22 Hybrids of con-
ventional dielectric waveguides exhibit the
merits of both the dielectric photolumines-
cence (PL) guiding and the field enhanced
SPP propagation.23,24 However, controlling
SPP coupling and extracting/separating SPP
modes from the dielectric PL background
are still challenges for further plasmonic ap-
plications in nanophotonic devices.

In this letter we report planar plasmonic
focusing of SPPs by an in-plane nanostruc-
ture consisting of Ag-column arrays and an
in-plane Fresnel zone plate (FZP) with a Cu
grating underneath for energy compensa-
tion. A CdS-based hybrid plasmonic
waveguide was formed in the Ag-column
arrays. Using this planar SPP focusing pro-
cess, the extraction/separation of SPP
modes from the CdS PL background was re-
alized and a focused SPP source at the FZP
focus area was generated.
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ABSTRACT Planar plasmonic focusing of surface plasmon polaritons (SPPs) by an in-plane nanostructure

consisting of Ag-column arrays and an in-plane Fresnel zone plate (FZP) with a Cu grating underneath for energy

compensation was demonstrated. The CdS-based hybrid plasmonic waveguide generated in the Ag-column arrays

was characterized with a scanning near-field optical microscope. By using the FZP focusing structure, the SPP

modes were separated from the CdS photoluminescence background and focused at the FZP focus area, and in

this way, were used as the source for the SPP waveguide. Finite-difference time-domain simulations correspond

with the experimental observations, suggesting that this is indeed an effective approach to control SPP coupling

within the dielectric nanoribbon waveguide.

KEYWORDS: surface plasmon polariton · CdS nanoribbon · Fresnel zone
plate · near-field optical microscopy · photoluminescence
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RESULTS AND DISCUSSION
Our planar plasmonic focusing nanostructure is

shown in Figure 1. Ag-column arrays and the in-plane
Fresnel zone plate (FZP) structure with a Cu grating
layer were fabricated by an electron beam lithography
(EBL) and lift-off technique on the smooth Ag surface.
Then, the CdS nanoribbon was moved into the target
position by using a poly(methyl methacrylate)-
mediated nanotransfer printing technique25 (see Sup-
porting Information Figure S1).

The SPP field enhancement and wave propagation
with energy compensation were realized by using a
subwavelength nanostructure fabricated on the Ag sur-
face with a Cu grating underneath. The dispersion of
SPP propagation at the interface between metal/dielec-
tric layers is

where �M and �d are the real parts of the Ag and dielec-
tric permittivities, respectively. With a p-polarized laser
illuminating the Ag film, the surface electrical field can
be enhanced by the SPP resonance when the phase-
matching condition is fulfilled. The mismatch in

wavevector between the in-plane momentum of im-

pinging photons and ksp can be compensated by us-

ing the Ag-column arrays (300 nm in diameter and 50

nm in height for our experiment) with an interval of 1.5

�m, as shown in Figure 1A.

The reverse process, SPP modes radiation can also

take pace when the modes interact with the grating

structure and satisfy the following condition,

where 	 is the incident angle, g is the reciprocal vector

of the grating, and v is an integer. In our experiment, a

Cu grating, functioning as a reflection layer, was fabri-

cated under the Ag nanostructure to restore the SPP en-

ergy lost during propagation (inset of Figure 1A). A

large portion of the incident laser beam penetrates the

Ag film (200 nm thick) and is scattered to the substrate

rather than coupled to the SPP modes at the top sur-

face. Thus the Cu grating underneath was used as a mir-

ror to collect the laser transmissions and couple them

back to the SPP modes. According to eq 2, these

coupled SPP modes propagate and interact with the

Cu grating at the incident wavevector, which, like an en-

Figure 1. (A) SEM image of Ag-column arrays and schematic of Cu grating for SPP energy compensation (inset); (B) near-
field optical image of SPP scattering during propagation in Ag-column arrays; (C) SEM image of Ag nanostructures with a 12-
zone FZP for SPP focusing; (D) near-field optical image of SPP focusing with a 1 �m diameter focus spot.

ksp ) ω/c(εMεd/(εM + εd))0.5 (1)

ksp ) ω/c sin θ ( vg (2)
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ergy pump, was used to restore the top layer SPP en-
ergy losses during wave propagation. SPP radiation was
imaged by scanning near-field optical microscopy
(SNOM) when the SPP wave struck the Ag-column ar-
rays from the left. Figure 1B is the near-field optical im-
age of the surface nanostructures when the SPP wave
is generated. The SPP energy dissipates from the radia-
tion; however, because of the compensation from the
Cu layer, a 82% propagation energy is reserved.

To show the advantage of our nanocolumn arrays
(with Cu grating underneath) for coupling the SPP
modes, three other kinds of structures (nanohole ar-
rays, nanogrooves, and nanocolumn arrays with no Cu
grating underneath) have been compared for scattering
radiation loss. The SPP energy is considered from the re-
flectivity (R), in-plane transmission (T), and SPP extinc-
tion (E). And the losses (SPP extinction) can be obtained
from the relationship

where the SPP extinction (E) accounts for both scatter-
ing radiative losses and intrinsic damping of SPP travel-
ing along the metal film. The SNOM optical fiber (coated
with Al) was used to scan the sample surface, provid-
ing the mapping of the SPP electric field intensity. The
near-field images were taken by keeping the fiber tip at
a constant distance, about 150 nm from the sample sur-
face. However, the radiative contribution was too
strong in the nanostructure area and the SNOM signal
recorded at these points was no longer proportional to
the evanescent field intensity of either the incident or
the output SPP. Thus, the equation T � Iout/Iin has to be
adapted to account for the intrinsic damping with
propagation distance of the surface plasmon as27

where Lsp represents the SPP propagation length
(damping distance), and dout, din denote the distance
between the detection place and the incident spot. The
propagation length, Lsp, defined as the distance for
which the SPP field intensity decays to 1/e of its value,
is Lsp 
 24 �m, calculated using the dielectric constant
of Ag from ref 26. Since Lsp depends strongly on the
thickness of the metal film, its quality, and its actual di-
electric constant, we have determined its value experi-
mentally for our nanostructures. The SPP propagation
length is obtained by fitting the intensity to the
formula,

And we find a propagation length value of Lsp � 23.2
� 0.2 �m, which is in good agreement with the ex-
pected value for the Ag film, Lsp 
 24 �m. The differ-
ence is probably related to the Ag film’s roughness (rms
� 2 nm) and possible variations in dielectric constant

between our evaporated Ag films and the data col-
lected by Palik.26 Then, the propagation T � 82% �

15% is obtained. (The uncertainty includes the devia-
tion in the measure of Lsp, the error in the determina-
tion of the distances of din and dout, and the dispersion
in the average.) The reflection (R), calculated in a simi-
lar way, is R � 14% � 3%, and finally the SPP extinction
(E) in this structure can be safely concluded to be less
than 10%. Using the same method, the SPP extinction
in nanohole arrays, nanogrooves, and nanocolumn ar-
rays with no Cu grating underneath are estimated as
60%, 70%, and 30%, respectively (see Supporting Infor-
mation Text S2). Finally, we can conclude that the nano-
column array with Cu grating underneath is the best of
these structures for SPP coupling and propagation.

The in-plane Fresnel zone plate, consisting of a se-
ries of zones alternating in transmittance between
transparent and opaque, was used to focus the SPP
waves, as shown in Figure 1C. Considering the diffrac-
tion of the SPP wave striking this structure from the left,
the constructive interference of the SPP fields can be
obtained at a focal distance f when the Fresnel zone ra-
dii rn satisfy

where n is an integer and �spp is the SPP wavelength.
For a planar FZP, rn are boundary positions where trans-
mittance changes between transparent and opaque. A
12-zone FZP with radii given by eq 6 was constructed at
an Ag/air interface with a focal length f � 60 �m. By us-
ing the Ag-column arrays integrated on both sides, the
SPP wave propagation and focusing were both revealed
by the structure radiations detected by SNOM. Figure
1d is the near-field optical image of SPPs, focusing
where the focus spot is about 1 �m diameter. Taking
into account the effective detection point located at
about 100 nm above the FZP focus, we obtained about
15 times as an average estimate of the field intensity en-
hancement at the focal length of 60 �m. The nonpat-
tern SPP focusing improves the contrast and longitudi-
nal resolution of the SPP imaging, and does not initiate
the field disturbance from the structures like circular
grating or metallic slits, etc. as mentioned before.17,18 If
the focusing SPPs can be effectively coupled into the
CdS nanoribbon, the separation of SPP in situ excitation
and guided wave detection can be realized, which
solves the problem of SPP modes being mixed with
the CdS PL background and can be used to generate a
novel SPP waveguide.

The CdS nanoribbon used in the experiment was
synthesized by physical evaporation in the presence of
the Au film catalyst (see Supporting Information Figure
S3). Figure 2 is the TEM image of a single CdS nanorib-
bon and its electron diffraction picture (inset). These
nanoribbons possess fairly uniform rectangular cross

T + R + E ) 1 (3)

T ) (Iout

Iin
)e(din+dout)/Lsp (4)

I ) I0e(-x/Lsp) (5)

rn ) �nλsppf +
n2λspp

2

4
(6)
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sections around 1.0 �m � 300 nm. Their PL spectra

were detected by SNOM in the Ag-column arrays and

FZP focus area, respectively.

The spatially resolved PL spectra of the CdS nanorib-

bons deposited in the Ag-column arrays perpendicular

and parallel to the SPP wavevector were compared, as

shown in Figure 3A,B. Both nanoribbons have the same

geometry and chemical properties. The incident laser

beam (442 nm) with a 2 �m diameter illuminated the

sample in p-polarization. The SNOM fiber probe was

paused at the ribbon end to detect the near-field emis-

sion spectra; meanwhile the laser focus was moved

along the ribbon to alter the waveguide length. For

the case of nanoribbons normal to the SPP wavevec-

tor, because the SPP resonance was confined at the la-

ser focus area, only the CdS PL wave was formed in the

waveguide and detected at the end facet of the rib-
bon by the SNOM tip. The emission spectra from
waveguides of different lengths were recorded and
compared in Figure 3C. The photon energy 2.35 eV is
the CdS absorption peak and its intensity decreases
when the propagation distance changes from 1 to 30
�m. The 46 meV red-shift of the energy peak is induced
by the semiconductor self-absorption effect; that is, Ur-
bach tail, an extension of the density of state into the
band gap near the main edges of the bands, give rise
to an exponential tail near the fundamental absorption
edge at the long wavelength direction.28,29

Figure 3D shows the near-field PL spectra of the na-
noribbon perpendicular to the SPP wavevector. Besides
the CdS absorption peak 2.35 eV, other energies are
also recorded in the spectra and cannot be distin-
guished. The excitation for SPP guided modes is given
by the phase matching condition,

where k0 is the free space wavevector, n1 is the refrac-
tive index of dielectric, neff is the associated complex ef-
fective index (neff � 
 � ��). Only the real part of neff is
used in eq 7 since the Ag layer is a source of Ohmic and
radiative losses. With the incident wavevector, the ex-
cited SPPs can be effectively coupled with the nanorib-
bon and confined at the interface between the CdS
and Ag layers. With the waveguide length increasing,
the emission intensity decreases and the CdS absorp-
tion peak shifts, which can be explained by the same
reason (Urbach tail) as described for Figure 3C. On the
other hand, we thought that the energy mixture seen in

Figure 2. TEM and electron diffraction (inset) image of CdS
nanoribbon.

Figure 3. (A and B) Schematic images of CdS nanoribbons deposited perpendicular (A) and parallel (B) to the SPP wavevec-
tor in the Ag-column arrays; (C and D) near-field optical spectra recorded by SNOM at the emission end of nanoribbons in
panels A and B, respectively.

k0n1 sin θ sin δ ) k0R(neff) (7)
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the spectra might be induced by the energy coupling
between the Ag columns’ SPP modes and CdS’s PL
modes. To verify this, the polarization of the incident la-
ser was switched from p to s mode, that is, no SPP reso-
nance. Without SPP resonance, the corresponding spec-
tra were almost the same as the curves in Figure 3C,
which proves that a hybrid plasmonic waveguide based
on the CdS nanoribbon has been successfully
generated.

To extract the SPP signal from the CdS PL back-
ground and generate a novel SPP waveguide, a single
nanoribbon (parallel to the SPP wavevector) was depos-
ited at the FZP focus area (Figure 4A). The SPP focus-
ing concentrated the electrical fields into a 1 �m sized
spot, as shown in Figure 1D. In our configuration, the in-
plane (rather than perpendicular) method was used to
stimulate this CdS waveguide. And the excitation
source was the focused plasmons, that is, no CdS PL
modes would be excited. (The dielectric PL light was
used as the excitation source in Dalton’s configura-
tion.3) However, in many previous SPP investigations,

plasmon modes and light modes were always mixed to-
gether since the SPP excitation and detection pro-
cesses took place in the same structure or configura-
tion. In our case, the SPP excitation and detection
structures are located in different places (the left and
right side of the FZP structure). Thus, the SPP modes can
be successfully extracted/separated from the PL
background.

Because the metallic nanowires (Ag, Au) always suf-
fer huge Ohmic losses, the SPP propagation length
based on metallic nanowires is limited to 10 �m at vis-
ible wavelengths, which has also been demonstrated by
Dalton’s group (9.1 �m).3 Using the dielectric
waveguide on the metal surface results in a higher re-
fractive index for a SPP wave on the metal�dielectric
interface compared to a metal�air interface, giving rise
to SPP modes bound by the dielectric ribbon similar to
the guided modes in conventional optical fibers. Thus
CdS-loaded SPP waveguides were used for low edge-
scattering losses in comparison to the bare Ag nano-
wire waveguides.3

Figure 4. (A) Sketch of focused SPP coupled into CdS nanoribbon; (B) near-field optical image of SPP scattering with the
ribbon end at the FZP focus. Inset is a schematic of nanoribbon deposited perpendicular to the SPP wavevector with one
end close to the FZP focus area; (C) SPP scattering at the FZP focus and emission at the other end of the ribbon captured by
a color CCD in far-field; (D) three-dimensional near-field optical plot of SPP emission from nanoribbon’s end; (E) near-field op-
tical spectra of SPP emission for different waveguide lengths recorded by SNOM.
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The SPP scattering at the incident end facet and

the leakage radiation from the ribbon edges were de-

tected by SNOM, indicating that the guided SPPs are ex-

tremely confined by the CdS nanoribbon, as shown in

Figure 4B. Inset is a schematic of the nanoribbon depos-

ited lateral to the SPP wavevector with one end close

to the FZP focus area. Thus, separation of SPP modes

from the CdS PL background was realized, and a novel

SPP waveguide based on CdS nanoribbons was

obtained.

The SPP emission light was also imaged by both

the color CCD in the far-field and the SNOM in the near-

field (Figure 4C,D). The 3-dimensional near-field plot

shows good SPP confinement and strong end radia-

tion. A single energy peak was recorded by SNOM, and

there was no shift when the waveguide length was in-

creased from 10 to 30 �m (Figure 4E). Because of the

nonpatterned reality of this kind of SPP focusing, only

the electrical field intensity is concentrated at the FZP

focused area, and the SPP frequency remains un-

changed. Thus the spectra detected from the nanorib-

bons’ emission should have the same SPP frequency

with the one induced by the Ag-column arrays. This has

been verified by the calculation of eq 1 and 2; a good

agreement with the recorded plasmon energy of 2.09

eV in the near-field is obtained.

The CdS nanoribbon with a cross-section of 1.0 �

0.3 �m was illuminated by the SPP focused spot with

a diameter of 1.0 �m. Since the penetration depth of

the SPP in air is about 0.34 �m, the efficiency of cou-

pling (C1) between the focused plasmon modes and the

nanoribbon’s incident facet can be estimated to be

88%. The final coupling efficiency (C2) between the fo-

cused plasmon modes and the emission nanoribbon

modes is estimated by calculating the ratio between

the intensity at the emission end of the nanoribbon and

the intensity at the FZP focus (with no nanoribbon) in

the near field. We find that C2 is about 76% for a 10 �m

CdS nanoribbon, but it decreases to 26% when the na-

noribbon length increases to 30 �m. The difference be-

tween C1 and C2 contributes to SPP scattering at the in-

cident facet and to energy losses induced by SPP

propagation along the nanoribbon. Because the nano-

column structure with a Cu grating underneath has

been proven to obtain a 82% propagation energy, the

overall coupling efficiency (C3) from the incident laser

Figure 5. (A) FDTD simulation of SPP propagation, focusing, and coupling (see inset for FDTD schematic); (B) electrical field
distribution for SPP focusing at 60 �m focal length with 1 �m diameter spot; (C) maximum field enhancement calculated at
the FZP focus is about 200.
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beam to the nanoribbon (10 �m) emission modes can
be 62.3% (76% � 82%).

To gain further insight into this CdS-based plas-
monic waveguide, the SPP focusing and SPP coupling
with the nanoribbon were simulated by finite-
difference time-domain (FDTD) calculations using an
eigenmode solver at the front edge boundary. The
simulation results support the conclusion that the FZP
structure plays a role in focusing the SPP waves from
the left (Figure 5A), and they correspond with the ex-
perimental observations, which found the strongest en-
hancement at the FZP focus area. The occurrence of a
bright spot in near-field optical images (Figure 4B,C)
and the interference fringes indicating the focused SPPs
are effectively coupled into the nanoribbon. The best
coupling efficiency (with respect to the field enhance-
ment achieved at the FZP focus) for a given focal length
was found for the width of 1 �m, as expected (the
same as the focus size), with the optimum focal length
f � 60 �m, and the direction parallel to the SPP
wavevector (Figure 5B). The field enhancement as esti-
mated from the calculations is about 200 times for a fo-
cal length 60 �m and a 1 �m diameter spot (Figure
5C). The discrepancy with the experimental results
should be expected given the surface roughness in-
duced by the electron beam evaporation and the fact

that the maximum field intensity was calculated to be
fairly close to the FZP focus.

CONCLUSIONS
We have demonstrated our planar plasmonic focus-

ing nanostructure, which plays the role of SPP excita-
tion, propagation, and focusing by using Ag-column ar-
rays and in-plane FZP structures with a Cu grating
underneath. When the incident laser directly illumi-
nates the CdS nanoribbon, the resonant SPP modes
are mixed with the CdS PL waves during the propaga-
tion, as indicated in the near-field spectra. In contrast,
by using this planar plasmonic focusing, we have suc-
cessfully used focused SPP modes to investigate plas-
monic waveguides based on CdS nanoribbons to ex-
tract/separate the SPP signal from the CdS PL
background when the nanoribbon is parallel to the in-
cident SPP wavevector. The near-field spectra measured
at the emission end of CdS nanoribbons detect only
the SPP energy 2.09 eV, which corresponds with the
theoretical calculation and the FDTD simulation of SPP
focusing and coupling. Our result demonstrates a novel
approach for planar plasmonic focusing and the extrac-
tion of SPP modes from dielectric PL background. This
may have potential applications for plasmonic devices,
especially for integrated optoelectronic waveguides.

METHODS
Fabrication of Ag-Column Arrays and FZP Structure. (i) A 1.5 �m thick

polymethyl methacrylate (PMMA) was spun-coated onto a
cleaned Si plate, and 5 �m wide FZP features were defined in
PMMA by EBL patterning; (ii) a 400 nm thick film of Al was depos-
ited over the PMMA mask, and then using an acetone lift-off pro-
cedure the Al masks were generated; (iii) the Si substrate was
etched 2 �m deep except behind the Al masks, thus the Si-based
in-plane FZP was fabricated; (iv) after the Cu grating layer (150
nm thick, deposited by electron beam evaporation) was fabri-
cated by focused ion beam (FIB) etching, a 200 nm thick Ag film
was deposited by evaporation and the column arrays were fab-
ricated on the top surface by using EBL and a lift-off technique.

Scanning Near-field Optical Microscopy. SNOM spectroscopy con-
sists of a scanner NSOM-100 (Nanonics Co.), an electronic con-
troller SPM-1000 (RHK Co.) and a spectrometer iHR550 (Jobin
Yvon Co.). The scanner was situated on the sample stage of an
optical microscope (Olympus IX70). The near-field tip used in this
experiment was an Al-coated, tapered cantilever optical fiber
with a 100 nm apex diameter (Nanonics Co.). A He�Cd laser illu-
minated the Ag structures in p-polarization. SNOM with a resolu-
tion higher than the diffraction limit is a crucial technique to de-
tect the SPP resonance enhancement and can be used to record
the near-field PL spectra at any part of the sample surface; hence
it provides more detailed insight than the signal received in far-
field, that is, conventional optical microscopy (for the setup, see
Supporting Information Figure S4).

Theoretical Methods. FDTD was used to calculate the electro-
magnetic field distribution at the interface between the metal
and dielectric layers as well as at the inside and outside of the
nanoribbons, so as to provide the complex effective index of the
guided mode. The Ag columns (300 nm diameter and 50 nm
height) with a 12-zone FZP structure were modeled on a Ag film
(200 nm thick, permittivity � �7.6321 � 0.7306i), which is the
same as the experimental structure. The arrays were separated
with an interval of 1.5 �m and illuminated by a p-polarized
Gaussian beam (� � 442 nm). The CdS nanoribbons (refractive

index 2.64) with width from 0.5 to 1.5 �m were modeled to sup-
port the SPP coupling with an end placed close to the FZP fo-
cus perpendicular or parallel to the SPP wavevector. The simula-
tions were calculated by the commercial software XFDTD
(Remcom, Inc.). For the movie of the simulation of SPP propaga-
tion, focusing, and coupling to CdS nanoribbon, see Supporting
Information.
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