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Dielectric-loaded surface plasmon polariton waveguides: Figures of merit and mode
characterization by image and Fourier plane leakage microscopy
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Waveguiding of surface plasmon polaritons by dielectric-loaded metal structures is studied in detail by
combining numerical simulations and leakage radiation microscopy. These types of waveguides are first nu-
merically investigated using the effective index model and the differential method. We analyzed systematically
the influence of the ridge width and thickness of the waveguide on the properties of the surface plasmon guided
modes. In particular we investigated the confinement factor of the modes and their associated propagation
lengths. These two parameters can be optimized by adjusting the thickness of the dielectric layer. Waveguides
loaded with thick and thin dielectric ridges are then optically characterized by leakage radiation microscopy.
The mode propagation distance is measured by direct-space imaging and the propagation constants are evalu-
ated by Fourier imaging and analysis. Good agreements are found between theoretical and experimental data.
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I. INTRODUCTION

Surface plasmon polaritons (SPPs), originating from the
coupling of an electromagnetic wave to the free electrons of
a metal, open new perspectives in optoelectronics."? In the
last years there has been an increased effort toward the de-
velopment of surface plasmon-based devices, and the design
of appropriate SPP waveguides constitutes a key element in
this route. Different configurations have been already pro-
posed and validated, and their degree of applicability
analyzed.”8

One of the considered configurations relies on the exten-
sion of the concept of dielectric-loaded waveguides to plas-
mon polariton mode and consists on the deposition of a di-
electric stripe atop a metallic surface. This approach has been
experimentally demonstrated recently,’ and the theoretical
analysis of the properties of these dielectric-loaded SPP
waveguides (DLSPPWs) shows their high potential in inte-
grated photonics.'®!! In fact, bends, splitters, and couplers
based on these DLSPPW have already been experimentally
proved.'>!3 Moreover, the dielectric layer can be artificially
doped by suitable materials so that its optical properties
could be externally modified to actively control the SPP
mode. This configuration opens then an interesting way for
active plasmonics (e.g., electrically or optically controlled
plasmonics).

Taking into account the perspectives offered by this kind
of waveguides, a detailed analysis of their performance is
needed. This study can be done in terms of appropriate fig-
ures of merit defined to describe the suitability of a given
configuration to a particular application.'* In this paper, we
provide an extensive study of the dielectric-loaded surface
plasmon polaritons waveguides by means of two different
figures of merit: one that takes into account the aptness of the
DLSPPW to transport information over relatively long dis-
tances and the other that evaluates the confinement of the
waveguide mode. Based on these figures of merit, we iden-
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tify two regimes of interest for DLSPPW: thick (thickness
~\/2) and thin (thickness<<\/2) dielectric loads. Thick di-
electric loads provide a strong-mode confinement within the
dielectric stripe, making them suitable for the development
of bends, splitters, and active devices. Thin dielectric loads
offer longer propagation distances, allowing their use as sim-
ply connecting waveguides.

Once these two regimes have been identified (Sec. II), we
have calculated numerically the more appropriate sets of di-
mensions for each case to highlight their characteristics.
These dimensions were used to design and fabricate dielec-
tric structures on thin-metal films. Section III presents the
experimental characterization carried out on the fabricated
structure to confirm and further analyze their behavior. This
experimental study has been done by means of leakage ra-
diation microscopy (LRM).">~!'7 LRM is a highly appropriate
technique to perform this study since it is possible to image
both the direct and Fourier planes. These two operation
modes provide information about the intensity distribution
and propagation length of the guided modes as well as their
effective indices. In a previous letter, we assessed this
method by characterizing a rectangular dielectric waveguide
used as a reference.'® We now use it to fully understand
mode construction in DLSPPW.

II. FIGURE OF MERIT AND CONFINEMENT FACTOR OF
DLSPPW

Figure 1 schematically describes the DLSPPW geometry
considered in the following. A dielectric ridge of thickness ¢
and width w is deposited on a gold film of thickness d cov-
ering a glass substrate. For the calculations, the gold thick-
ness and the incident wavelength are fixed to d=50 nm and
No=780 nm [n,,=0.18+i4.92 (Ref. 19)], respectively. To
evaluate the performance of a waveguide we introduce a set
of parameters that can be optimized. These parameters are
the confinement factor R, the mode area A, (Ref. 14), and its
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FIG. 1. (Color online) DLSPPW configuration. The guided
mode is excited by a TM-polarized wave incident in total internal
reflection.

propagation length Lgpp. In this section we systematically
study the influence of the ridge thickness and width on these
parameters.

Recently, Berini!* proposed the concept of figures of
merit for determining optimized dimensions of surface plas-
mon polariton waveguides. For SPP waveguides consisting
of metal stripes, small sizes and limited losses are prerequi-
sites. The figure of merit for these parameters can be defined

as14:20
a
M = \/A_(ZXLSPP)~ (1)

Adapted for propagation length and mode area, this figure
of merit lacks information on the mode confinement which is
of great importance for applications in active plasmonics. If
the dielectric layer is doped to introduce an external control
of the guided SPP mode, the amount of mode sustained in-
side the dielectric stripe determines how strong the influence
of the changes would be in the whole mode. The confine-
ment factor measures the proportion of the mode energy in-
side the waveguide. A high degree of confinement would
ensure a stronger interaction between the SPPs and an active
material. We compute the confinement factor R as

f f P-ds

R= — guide ’
f f P-ds
—0 >0

where P is the poynting vector. Note that in the regime of
thin-metal film (d <60 nm), the modes studied here are in-
trinsically leaky through the substrate. Consequently, we
limit the integration above the substrate for the normaliza-
tion.

Considering the application range of dielectric-loaded
SPP waveguides, we have evaluated their performance based
on both the figure of merit and the confinement factor. The
mode properties are calculated using the effective index
model (EIM) (Refs. 10 and 21) and the differential
method.'®2? In general an excellent agreement between the
effective index model and the differential method is found
except for the propagation length which is often overesti-
mated in the EIM. This discrepancy is attributed to the limi-

(2)
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FIG. 2. (Color online) Confinement factor calculated using EIM
for several PMMA film thicknesses as a function of ridge width.
The crosses indicate the TM,; cut-off width. The PMMA optical
index is n,,=1.49.

tation of the EIM in taking into account the corners of the
dielectric stripe, which therefore disregards the mode scatter-
ing along these corners. Therefore, the DLSPPW properties
accessible from the effective index model (number of modes,
effective index values, cut-off conditions, mode expansion,
and confinement) are determined first. The intensity distribu-
tion of the modes is then calculated using the differential
method which is more time consuming compared to EIM.

A. Thick dielectric load

We first consider the case of a thick dielectric load, i.e.,
with a thickness around N/2n,=260 nm. The dielectric
stripe consists of poly-methyl-methacrylate (PMMA) since it
is an electron-sensitive resist that can be structured by
electron-beam (e-beam) lithography and it can be readily
doped with different active substances. Using the effective
index model, as described in detail in Ref. 10, we determine
the confinement [Eq. (2)] of the mode supported by the DL-
SPPW. The values for the mode confinement as a function of
the width of ridge w and for different PMMA thicknesses ¢
are presented in Fig. 2. The field confinement increases with
PMMA thicknesses and tends to saturate for thicknesses
larger than 300 nm. Moreover, increasing the dielectric ridge
width allows the excitation of higher-order modes in the
waveguide.!? In order to maximize the interaction between
the mode and the polymer, we impose monomodal condi-
tions, corresponding to ridge widths below 350 nm. Finally, a
set of parameters (¢,w) that combines good confinement and
monomodal waveguide is around ¢=350 nm and w
=300 nm.

Having determined an optimized set of parameters for the
PMMA ridge, we investigate the mode characteristics using
the differential method.'3?? A detailed description of the dif-
ferential method applied to DLSPPW analysis has been pub-
lished elsewhere.??

Following the discussion above, we realized a sample
with the following parameters (see Sec. III A): the gold film
thickness is d=50 nm, the PMMA ridge width w=240 nm,

245419-2



DIELECTRIC-LOADED SURFACE PLASMON POLARITON...

fffffff -

0.9 I @ - L
0.8 / \

0.5 / \
0.7 2 {

So |
Y] M \ !
0.5 05 \4/
04 1t St e
o3l | . 0 - i

A5 1 05 0 05 1 15
Kx/k0

FIG. 3. Reflectivity map with varied incident angles 6 and ¢
(see Fig. 1). The DLSPPW is made of a PMMA ridge of width w
=240 nm and thickness =330 nm. The incident wave-vector com-
ponents along the x and y axes are k,/ky=n; sin #cos ¢ and
ky/kg=n, sin @ sin ¢, respectively.

and thickness #=330 nm. The incident wavelength is A
=780 nm. Note that by using the differential method, we
obtain a mode propagation length in the range of Lgpp
=6.5*=0.5 wm for a ridge width varying from 150 to 500
nm. This justifies a posteriori that we only focused on the
confinement properties when optimizing the ridge dimen-
sions.

Figure 3 shows the reflectivity diagram calculated with
the differential method when the DLSPPW is illuminated
with a plane wave from below the substrate at different
angles of incidence.'® A low reflectivity circle is clearly vis-
ible at neg=k /ko=1.02 where kj=(k2+k2)'? is the wave-
vector component parallel to the gold surface. This is the
signature of the excitation of the Au/air surface plasmon po-
lariton mode. Two absorption lines also appear at ngy
=|k,/ko|=1.30. These two bands originate from light cou-
pling to DLSPPW modes which propagates toward increas-
ing y direction (k,/ky>0) or decreasing y direction (k,/k
<0) inside the guide.'® Note that the same value for the
effective index of the mode (n.4=1.30) is obtained using
effective index model.

Figures 4(a) and 4(b) show the electric-field intensity dis-
tribution of the mode across a section of the waveguide and
its evolution along the propagation direction, respectively.
The profiles are calculated using a TM-polarized incident
beam oriented along the waveguide (¢=90°) and matched to
the mode momentum [ @=arcsin(n.g/n;)=60°]. The calcula-
tions show that the mode is well confined by the dielectric
structure and has its maximum at the Au/PMMA interface as
expected from a SPP wave. The decay along the propagation
is exponential. We deduce from Fig. 4(a) the confinement
factor R=69% and from Fig. 4(b) a propagation length at
1/e attenuation of Lgpp=6.1 um. R is in excellent agreement
with the confinement calculated using the effective index
model (see Fig. 2).

B. Thin dielectric load

While optimized mode confinement can be achieved by
nearly squared waveguide sections (e.g., w=350 nm X7
=300 nm), DLSPPWs formed by thinner loads offer a dif-
ferent range of guiding properties.'> In this section, we focus
our attention on a 70-nm-thick dielectric. For this range of
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FIG. 4. (Color online) (a) Electrical-field intensity distribution
inside the guide. The mode is excited using an incident wave at 6
=60°. (b) Cross section along the ridge center. The inset shows a
linear fit in semilogarithmic scale.

thickness, the confinement R is small (see Fig. 2) and the
mode substantially extends out of the dielectric structure.
Nonetheless, these types of waveguides benefit from longer
propagation length as compared with thick dielectric. Thin
DLSPPW can therefore provide the basic units for designing
more complex SPP routing (mode couplers, filters, etc.). In
this respect, the figure of merit M%D defined in Eq. (1) is the
critical parameter.

On the basis of the effective index model, we first deter-
mine the modes supported by a 70 nm thin SiO, DLSPPW.
The choice of SiO, over PMMA is dictated by its compat-
ibility with current microelectronic technology (of interest if
this kind of DLSPPW is useful in SPP routing systems) and
do not change the general conclusions drawn so far.

Figure 5 shows the effective indices for the different TM
modes supported by the DLSPPW. The effective index of the
fundamental mode TM,, increases with w from the Au/air
effective  index (n=1.02) up to that of a
Au/SiO,(70 nm)/air system (n.=1.15). Higher-order
modes are populated when the ridge width increases. As an
example, the TMy; and TM,,, modes have a cut-off width at,
respectively, 700 nm and 1.5 um.
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FIG. 5. (Color online) Effective indices of the fundamental and
higher-order modes associated with a 70-nm-SiO, (n,,=1.453) DL-
SPPW as a function of the waveguide’s width.

Figure 6 shows the calculated mode intensity pattern
across the DLSPPW for several ridge widths. For very nar-
row waveguides only the fundamental mode TM, is present.
For the narrowest waveguide shown w=100 nm, the field
intensity is spread across the dielectric loading (indicated by
a blue rectangle in the figure) and the surrounding air media.
Thus, the n. of the guided mode is comparable to that of the
gold-air SPP mode. As the waveguide width increases, the
TM,y mode becomes more confined in the SiO, loading as
well as above the structure [see Figs. 6(b)—6(d)] and its ef-
fective index increases accordingly. Note that the dielectric
load thickness is below TE, mode cutoff so that no TE-
polarized mode is supported.'”

It can be seen in Fig. 5 that the 70 nm SiO, DLSPPW
becomes multimodal for a width larger than 700 nm. Note
that the first higher-order appearing mode TM,; shows an
odd field distribution (not shown here) and therefore cannot
be excited by a plane wave impinging along the waveguide
direction. On the contrary, even modes can be easily excited
and their corresponding field patterns for a width w=4 um
are shown in Figs. 6(e) and 6(f).

Figure 7 represents the figure of merit M%D associated to
the fundamental mode TMy, calculated from Eq. (1) using

FIG. 6. (Color online) Calculated mode intensity distribution
across the DLSPPW in the air half space. [(a)—(c)] TMy, patterns
for waveguide widths w=0.1, 0.5, and 2 um, respectively. The
dielectric waveguide is indicated by the blue rectangle. [(d)—(f)]
Pattern for the even modes TMy, TM,, and TM, for a waveguide
of w=4 um. The aspect ratios are different for the sake of
visibility.
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FIG. 7. Figure of merit obtained from differential method for the
fundamental TMy, mode for a 70-nm-thin SiO, ridge loaded on a
62-nm-gold film.

the differential method. Thin ridges are characterized by a
better figure of merit than thick ones (not shown). In spite of
the spreading of the mode outside the dielectric ridge, the
longer propagation distances of the mode in this case lead to
a large value for M%D ; mainly for narrow waveguides. Note
also that the values of the M3” obtained for the thin SiO,
DLSPPW are high despite the large ohmic losses of gold at
the frequency we consider.?’

III. EXPERIMENTS
A. Thick dielectric load

With the aim of controlling the numerical results, a
sample was prepared according to the following procedure: a
gold layer with a thickness of 50 nm was first evaporated on
a glass substrate. A 330-nm-thick electron-sensitive PMMA
layer was then spin coated onto the gold film. The PMMA
was then exposed by standard e-beam lithography to form a
ridge of 240 nm width. The surface plasmon modes sup-
ported by the waveguide can be excited following different
diascopic or episcopic excitation schemes. A schematic of
the setup in diascopic configuration is shown in Fig. 8. A
0.52 numerical aperture (NA) objective incident from the air
side focuses a collimated laser beam onto the ridge structure.
The polarization state was controlled by inserting a retarder
in the optical path. Momentum transfer through scattering on
the ridge or on a defect ensured that part of the incident
energy was coupled in the SPP mode. To investigate the
characteristics of the guided modes, we collected the intrin-
sic radiation leaking through the gold film by using a high
numerical aperture oil immersion objective (Nikon 60X and
NA=1.49). The intensity of the leakage radiation emitted at
the substrate/gold interface is directly related to the intensity
distribution of the SPP mode and provides therefore a unique
mean to easily assess SPP properties.

1. Measurement at \y=780 nm

A typical DLSPPW structure of the sample is shown in
the bright-field optical micrograph of Fig. 9(a). A defect,
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FIG. 8. (Color online) Sketch of the leakage radiation micros-
copy setup. A 0.52 NA objective focuses the incident light onto the
structure or a defect. The modes are excited through scattering and
momentum transfer. Leakage radiation of the guided modes is col-
lected with a 1.49 NA objective and recorded either in the image
plane or in the Fourier plane.

helping to convert part of the incident energy into the SPP
mode, is indicated by the white circle. Figure 9(b) shows the
spatial intensity distribution of the radiation leakage as re-
corded in the image plane. The focalization of the incident
light by the 0.52 objective is readily visible in the bottom
part of the image as a bright overexposed spot. The SPP
guided mode is recognized as the confined streak of light
propagating from the bottom to the top of the image. An
exponential fit of the decaying intensity gives a propagation
length of 5.5 wm, in very good agreement with the calcu-
lated value [6.1 um; see Fig. 4(b)].

Figure 9(c) shows the leakage radiation recorded in the
Fourier plane of the microscope. The bright central disk cor-
responds to the numerical aperture (NA=0.52) of the top
illuminating objective and is used for calibration of the Fou-
rier plane.'® The two symmetric half moons that appear at
ner=1.0220.03 correspond to leakage radiation coming
from the Au/air SPP mode. The NA of the objective limits
the upper value of the mode index, which is 1.49 in our
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FIG. 9. (a) Optical micrograph of a typical PMMA waveguide
fabricated on a gold substrate. The DLSPPW modes are excited by
focusing a TM-polarized beam on the defect marked in (a). LRM
observation of the propagation along the waveguide: in the (b) im-
age plane and in the (c) Fourier plane.
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TABLE 1. Experimental and theoretical values (calculated using
differential method and effective index model) of the mode effec-
tive index.

Effective index

Ao (nm) Differential method EIM Experiment
750 1.32 1.31 1.28
760 1.32 1.31 1.28
770 1.31 1.30 1.26
780 1.30 1.30 1.26
790 1.29 1.29 1.26
800 1.28 1.28 1.26
810 1.28 1.28 1.25
820 1.27 1.27 1.24
830 1.26 1.27 1.24
840 1.26 1.26 1.23
850 1.25 1.26 1.23
860 1.24 1.26 NA
870 1.24 1.25 NA
880 1.23 1.25 NA
890 1.23 1.24 NA
900 1.22 1.24 NA

experiment. The signature of the guided mode inside the DL-
SPPW appears as a horizontal line in the Fourier plane. This
line corresponds to the value of the propagation constant and
has a measured effective index of n.;=1.32+0.04, in fair
agreement with the theoretical reflectivity measurement
shown in Fig. 3. Note however that only the mode that
propagates in the forward direction appears in Fig. 9(c) be-
cause the waveguide is not well defined below the defect
used for the excitation. Additionally, the intensity of the DL-
SPP mode is significantly weaker than the other features on
Fig. 9(c) because of the SPPs coupling efficiency of our ex-
citation scheme.

2. Measurements at different wavelengths

Wavelength influence on the mode properties is now con-
sidered. Table I and Fig. 10 present the effective indices and
propagation lengths measured and calculated for 750 nm
=7Ap=900 nm. Despite a few atypical points, the Lgpp evo-
lution is quite monotonous with increasing wavelength since
the imaginary part of the gold refractive index decreases in
the infrared domain. A fair agreement is obtained between
experimental data and numerical simulations. Note that ef-
fective indices for A\g=860 nm were not measured experi-
mentally since low radiative losses at these wavelengths lead
to poor signal-to-noise ratios in the LRM images.

B. Thin dielectric load

The fabrication procedure for thin SiO, loads also relies
on standard e-beam lithography followed by thermal deposi-
tion of SiO, layer and a liftoff of the resist. Thin DLSPPWs
were also characterized by leakage radiation microscopy.

245419-5



GRANDIDIER et al.

13 o

1 Experiment 3

12+ —— Simulation - Diff. Method -

E; 111 L

£ 104 o
g) i

Q@ 9 o
= .

Ke] 81 o
© .

2 7 i
g .

& 67 r

5 L

4 R

740 760 780 800 820 840 860 880 900
Wavelength (nm)

FIG. 10. (Color online) Experimental and theoretical values
(calculated using differential method) of the propagation length as a
function of the wavelength for a 330 nm X 240 nm PMMA
DLSPPW.

Figure 11 shows the experimental images for thin
waveguides with several ridge widths. Instead of exciting the
DLSPPW mode by focusing onto a defect,* SPPs on the
bare 62-nm-thick Au film were excited using a total internal
reflection (TIR) illumination scheme.'>? Therefore, the in-

Iau‘ng
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Calculation
|.W=1 5 um

Calc. Fourier

SPP \1_ Fourier SPP
= w=15um

— w=15um

FIG. 11. (Color online) LRM images of light propagating
through a thin SiO, ridge (=70 nm) waveguide for different
widths w at A;=800 nm. (a) Sketch of the excitation configuration.
The SPPs are launched on the gold film by TIR illumination and hit
the end face of the DLSPPW, thereby exciting the waveguide
modes. [(b)—(e)] Direct-space LRM images of the waveguides. (f)
Calculated (differential method) field intensity for light propagating
along a DLSPPW of width 1.5 um excited by a Gaussian beam
impinging on the waveguide. (g) Fourier plane image correspond-
ing to the waveguide of w=1.5 um. (h) Calculated reflectivity map
in a portion of the reciprocal space for a waveguide of w
=1.5 um. The excited modes are indicated by arrows in the image.
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cident TM-polarized light having a wavelength A\j=800 nm
was displaced from the optical axis and slightly focused onto
the back focal plane of the immersion-oil objective (Olym-
pus 60X and NA=1.45). This results in illuminated areas of
10 pwm by 15 um that appear as white distorted ellipses in
Figs. 11(b)-11(e). The back-reflected field saturates the
charge-coupled device (CCD) camera. We focus the beam
several microns before the entrance of the dielectric stripe, as
sketched in Fig. 11(a). The light matching kgpp excites the
SPPs having most of its energy at the gold/air interface. The
SPPs propagate a few tens of micrometers toward the DL-
SPPW as indicated by the red arrow. During propagation, the
SPPs produce the leakage radiation visible in Figs.
11(b)-11(e) in between the incidence spot and the dielectric
stripe. The modes existing in the DLSPPW are leaky because
of the finite gold layer thickness of 62 nm and can be easily
imaged by LRM.

The LRM images for DLSPPW of different widths are
displayed in Figs. 11(b)-11(e). The images clearly reveal the
strong dependence of the mode characteristics on the width
of the dielectric loading. For a 5-um-wide SiO, stripe [Fig.
11(e)], which has nearly the same width as the incident SPPs,
most of the SPPs are converted into the DLSPPW modes.
The intensity along the waveguide decays much more rap-
idly compared to SPPs on the unloaded gold-air interface.
For narrower DLSPPWs, the section of the DLSPPW does
not fully overlap the width of the incident SPPs and three
distinct regions can be distinguished. The first one corre-
sponds to leakage radiation along the waveguide and origi-
nates from the coupling of the incident SPPs into the guiding
structure. The second region corresponds to the portion of
the incident SPPs not coupled into the waveguide. This un-
coupled part propagates sidewise the guides along both
edges and is readily visible in Figs. 11(b)-11(d). Finally, the
third region is associated with incident SPP which is backre-
flected and/or scattered by the DLSPPW edge. This latter
portion is dominantly emitted into the air space.

From the LRM images, we can determine the character-
istic properties of the waveguides, namely, the effective re-
fractive index n. and the propagation length Lgpp. The latter
was determined by fitting the intensity decay along the
waveguides for a variety of widths and is displayed in Fig.
12. In the case of a multimodal waveguide, the measured
Lgspp represents an average decay length considering all the
excited modes.

The upper limit for Lgpp is given by the unloaded gold
surface and is indicated by the horizontal red dashed line in
Fig. 12 (theory Lgpp=35.3 um). The experimentally deter-
mined decay value for our gold films is Lgpp=33.6 wm, in
very good agreement with this theoretical value. The green
dashed line at Lgpp=9 um corresponds to a complete
70-nm-Si0, dielectric film and provides a lower bound for
Lgpp. This lower limit is reached for DLSPPW width greater
than approximately 2 wm. For narrower waveguides, the
value of Lgpp increases significantly toward the upper limit.
This general behavior is in good agreement with the figure of
merit M;” shown in Fig. 7: for narrow waveguides M71”
strongly increases as a consequence of the higher propaga-
tion length.

The experimental effective indices of the DLSPPW
modes inside the waveguides were assessed from LRM Fou-
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FIG. 12. (Color online) Evolution of the propagation length Lgpp
with the width w of a thin SiO, ridge (t=70 nm) waveguide (TM
polarization and N\g=800 nm). The red and green dashed lines cor-
respond to the upper and lower limits of this propagation length,
respectively: the plasmon of the interface air/Au and that of the
interface air/70-nm-SiO,/Au. The blue line shows the theoretical
values for Lgpp, corresponding to TM,, mode only, calculated with
the differential method.

rier images, as the one shown in Fig. 11(g). In contrast to
Fig. 9(c) where the waveguided mode was excited by the use
of a local defect, here the TIR configuration outlined above
was used. Figure 11(g) is the Fourier plane image of a DL-
SPPW with w=1.5 um [Fig. 11(d)]. The excitation geom-
etry gives rise to a strong reflection spot in the Fourier im-
age. The size of the spot is a measure of the distribution of
incident wave vectors. To efficiently couple the SPPs, the
location of the spot in the reciprocal space is adjusted to
coincide with the SPP resonant wave vectors. The coupling
to the SPP mode is detected by the presence of a dip within
the distribution. This dip is however not clearly visible in the
image since the saturation of the detector was adjusted to
enhance the weak signature of the waveguided modes. Note
that outside the incident distribution of wave vectors, the
SPP coupling at the Au/air interface can be recognized as a
small crescent (indicated with an arrow in the figure). It
originates from SPPs propagating in directions diverging
from the incident excitation. More importantly, the signature
of the DLSPPW modes also marked with arrows appears as
straight bright lines extending out of the incident wave-
vector distribution. For this particular width, two modes are
observed in the Fourier plane image of Fig. 11(g). The n. of
the various modes appearing for each waveguide was mea-
sured using the kgpp position of SPPs propagating at the bare
gold/air interface as a reference. The results are gathered in
Fig. 13.

As expected, the effective indices of the DLSPPW modes
are within the limits given by the bare gold surface (7
=1.02, dashed red line) and a gold surface completely loaded
with 70 nm SiO, (n.=1.15, dashed green line). In order to
identify the order of the modes associated for each value, we
have also plotted the n.g values obtained from the EIM cal-
culations presented in Fig. 5. The experimental results for
neg are in good agreement with the predictions and the small
differences originate from experimental uncertainties such as
the exact shape of the dielectric loading, the surface rough-
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FIG. 13. (Color online) Evolution of the mode effective index
nege With the width w of a thin SiO, ridge (r=70 nm) waveguide
(TM polarization and A\y=800 nm). The values of n. should be
comprised within those of the plasmon in an air/Au interface (red
dashed line) and the plasmon in an air/70-nm-SiO,/Au interface
(green dashed line). The solid lines report the effective index ob-
tained from EIM (see Fig. 5).

ness, and the exact thickness of the SiO, layer. For instance,
a thickness difference of only 5 nm would shift the upper
limit of ngy from 1.154 (70 nm SiO,) to 1.14 (65 nm SiO,).
We note that the TM,;; mode was not observed for any of the
waveguides, while higher-order modes were detected. This
particular mode has an odd symmetry of the field and cannot
be excited with a beam impinging along the waveguide di-
rection. This explanation is confirmed by the calculated re-
flectivity map shown in Fig. 11(h), corresponding to a DL-
SPPW of w=1.5 wm. For this width, three modes are
supported: TMo, TMy,;, and TM,,. However, only TM, and
TM,, are intersecting with k,=0 value, indicating that they
can be excited by a beam parallel to the waveguide. The
TM,; mode has a signature for k, # 0 values and can only be
excited with a tilted illumination. The absence of the TM,
mode in our experiment indicates that the angular spreading
of the beam used to excite the waveguides was not broad
enough to excite this mode.

The multimode nature of the DLSPPWs for w greater than
approximately 1.5 um does not only manifest itself in the
Fourier plane but in the LRM images of Figs. 11(b)-11(e).
The two wider waveguides w=1.5 and 5 um are certainly
multimode and they show modulated intensity patterns. The
difference in the intensity distribution inside the waveguides
indicates that different modal structures are involved. The
1.5-um-wide waveguide, for instance, presents two identi-
fied modes: TM, and TM,. The field distribution of these
two modes shown in Fig. 6 has, respectively, one central
maximum and three maxima. The interference between these
two modes creates a beating with a chainlike distribution
observed in Fig. 11(d). The beating period of the intensity
along the center of this waveguide A, as calculated from the
image, is 7+ 0.2 wm. Beating of the two considered modes
TMy, and TM, can be obtained from the expression A
=27/ (kTMoo_kTMoz)=6'9 um, in good agreement with the
measured value. Figure 11(f) shows the field intensity distri-
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bution along a 1.5 um wide DLSPPW calculated with the
differential method and excited by a Gaussian beam. The
angular spread of the Gaussian beam was restricted to only
excite the TM, and TM,;, modes. The intensity distribution
shows a very similar chainlike pattern as observed in the
experimental image.

For waveguides being narrower than w<<1.5 um, only
the fundamental mode is excited and the intensity shows no
spatial pattern across the waveguide [see Figs. 11(b) and
11(c)]. We have however detected some beating in the inten-
sity along these waveguides whose periodicity is given by
A=2mx/ (kTMOO—kspp). This beating comes from the interfer-
ence of the fundamental DLSPPW mode and SPPs propagat-
ing on the gold film. Hence, the beating period increases for
narrower DLSPPW and, for example, cannot be measured
for the 100-nm-wide waveguide.

In summary, since the incident SPPs at the gold/air inter-
face couple simultaneously to all of the available guided
modes, the propagation distance and intensity distribution of
thin DLSPPW become strongly dependent of w. For w
=1.5 wm, multiple modes are excited generating a strong
beating and Lgpp is very close to the SPP decay of a homo-
geneous gold/SiO, interface (about 9 wm). This reflects the
fact that the excited modes are mostly confined laterally
within the silica load in this case. When reducing w below
1.5 wm, the incident energy couples to the TM,, mode only.
For very narrow DLSPPW, the field extends further into the
air resulting in an increase in the propagation length and
lower effective index of the mode. Despite low transversal
confinement, the figure of merit M7” shows a respectable
value (see Fig. 7) and efficient guiding is indeed achieved
along 100-nm-wide DLSPPW with Lgpp=20 um.
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IV. CONCLUSION AND PERSPECTIVE

In this paper, dielectric-loaded surface plasmon polaritons
waveguides were theoretically and experimentally investi-
gated by leakage radiation microscopy in direct and Fourier
planes. Depending on the thickness of the dielectric load, the
figure of merit or mode confinement can be optimized. For a
thin load, the large values of the figure of merit allow the
propagation of surface plasmon guided modes over distances
of several tenths of micrometer in the near-infrared region.
For thicker loads, the decay is shorter but the three-
dimensional confinement is drastically increased. This re-
gime of thickness is suitable for applications requiring a
large density of plasmonic devices. The calculated values of
the effective indices and decay lengths of the guided modes
obtained with our numerical approach are in agreement with
the experimental values. This is encouraging for extending
the range of our calculation to telecom bands (\g
=1300 nm or 1550 nm). Note that at these wavelengths,
leakage radiation microscopy is probably not a suitable tool.
Radiation losses through the metal are negligible and near
field microscopy is more appropriate.’6-28
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