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Abstract—Dielectric loaded gratings (DLGs) comprised of
polymer gratings lying on a thin gold film are used to couple light
at telecommunication frequencies in and out of plasmonic waveguides featuring sub-micron cross-sections. The grating couplers
are found to be efficient and easy to implement to perform direct
fiber-to-fiber telecommunication characterizations of dielectric
loaded surface plasmon polariton waveguide (DLSPPW) components. By analyzing the dispersion of the plasmonic Bloch modes
supported by DLGs as a function of the period and the filling
factor of the gratings, efficient couplers comprised of gratings with
a filling factor around 0.5 are designed and fabricated by a simple
one-step electron beam lithography process. Typical losses in the
range of
dB per coupler are obtained for gratings designed
to operate at normal and 30 -tilted incidence. The performance
of the couplers for normal incidence can be further improved
by adding a back-reflecting Bragg mirror. We demonstrate the
transmission of a 10 Gbits/s signal along a 75 m-long DLSPPW
by using DLG couplers for light injection and extraction. A
power penalty below below 0.4 dB on the bit-error-rate has been
measured over the entire C-band demonstrating the suitability
of DLSPPWs for Wavelength-Division-Multiplexed high bit rate
traffic and the efficiency of DLG couplers for fiber-to-fiber characterizations of stand alone DLSPPW components.
Index Terms—Dielectric loaded waveguides, grating couplers,
surface plasmon Bloch mode.

I. INTRODUCTION
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IELECTRIC loaded surface plasmon polariton waveguides (DLSPPWs) are comprised of dielectric ridges deposited on top of metallic films [1] or strips [2], [3]. Most often,
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gineered to be of interest for specific purposes such as passive
plasmonic components [4]–[7], doped polymers [8] for plasmon
losses compensation [9], thermo-optical routing [10]–[12] or
switching of high-bit rate signals [13], [14]. Recently, DLSPPW
components have been successfully integrated within a passive
silicon optical circuitry [15] making the use of on-chip plasmonbased optical functionalities for datacom applications realistic.
Although of great importance for fiber in and out coupling of
on-chip plasmonic components, the use of a dielectric circuitry
for the optical addressing of DLSPPWs is far from being optimum for the development of plasmonic devices. Indeed, in this
approach, the plasmonic components need to be fabricated onto
chips equipped with dielectric waveguides, a solution that is neither cost-effective nor efficient when many parameters of the
plasmonic system need to be changed. In order to circumvent
these limitations, the use of polymer waveguides for addressing
DLSPPW components has been demonstrated [16]. However,
with this approach, the use of specific substrates coated with a
thick low refractive index layer is mandatory and secondly the
modal mismatch between the bus polymer waveguides and the
DLSPPW structures leads to quite large insertion losses. The solution consisting of using grating couplers to achieve the optical
addressing of DLSPPW devices is not expected to be subject
to the same drawbacks. As already shown in the context of silicon photonics, grating couplers are very efficient to perform the
fiber-to-fiber optical interfacing of miniaturized optical waveguides [17], [18]. For silicon waveguides the grating couplers are
often excited by a cleaved single-mode optical fiber. Given that
the total length of plasmonic devices can be significantly smaller
than the diameter of a typical optical fiber, cleaved fibers cannot
be used for our purpose.
In this work, we demonstrate an efficient fiber-to-fiber in and
out coupling of DLSPPW components by using polymer gratings engraved on top of a metal film, denoted hereafter as dielectric loaded gratings (DLGs) and excited by moderately focused spots. Unlike grating couplers engraved into the metal
film [19], our approach can be used for fast prototyping of DLSPPW components since it requires a single step micro-fabrication process. Typical losses in the range of 10 dB per coupler
are obtained, making possible standard fiber-to-fiber telecommunication characterizations of stand-alone DLSPPW devices.
In the second section of this work, we discuss the properties
of the DLG plasmonic Bloch modes. In particular, we establish the dispersion of these Bloch modes as a function of the
filling factor of the gratings. The role of the filling factor is analyzed on the basis of approximate analytical results providing a

0733-8724/$31.00 © 2012 IEEE

NIELSEN et al.: GRATING COUPLERS FOR FIBER-TO-FIBER CHARACTERIZATIONS OF DL SURFACE PLASMON WAVEGUIDE COMPONENTS

starting point for numerical optimization of the couplers. In the
third section, we demonstrate experimentally the excitation of
straight DLSPPWs using DLG couplers with optimized parameters. Beyond fiber-to-fiber insertion loss measurements the efficient excitation of the DLSPPWs is directly observed on radiation leakage microscopy images. Finally, in the fourth section
the operation performance of the DLG couplers is established
in regards to the power penalty induced by a straight DLSPPW
on the bit error rate (BER) of a 10 Gbits/s non-return-to-zero
(NRZ) transmitted signal. With these last results, we show that
DLG couplers are convenient for fiber-to-fiber telecommunication characterizations of stand-alone DLSPPW devices.
II. PLASMONIC BLOCH MODES OF DLGS
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propagating along the -axis perpendicular to the lines of the
grating can be written as
(2)
where
denotes the -component of the Bloch mode
wavevector, is an integer and
. Following the
approach described in [27] for volume waves, the amplitude
of each plane wave of expansion (2) can be obtained from the
wave equation as

(3)

A. Period and Filling Factor Bloch Mode Dispersions
Metallic grating couplers for the excitation of different surface plasmon modes have been extensively investigated during
the last decade. For surface plasmons traveling at a dielectric/
metal flat interface, finite size gratings of protrusions [20], [21]
or grooves [22] have been investigated and coupling efficiencies as large as 45% have been reported [23], [24]. In the case
of long-range surface plasmon modes, typical efficiencies in the
range of 15% for in-coupling and 60% for out-coupling have
been obtained using once again metallic gratings of bumps [25].
For gratings comprised of point-like scatterers or having a vanishing depth of modulation, the plane-wave excitation condition
of the plasmon Bloch modes supported by a grating of period
is approximately given by
(1)
where
is an integer,
is the incident
wave-vector component parallel to the average surface of the
grating and where
is the phase constant of the surface
plasmon mode traveling along the unperturbed surface (without
the periodic modulation). However, when the grating can no
longer be considered as a weak perturbation of a flat surface,
the phase constant of the Bloch mode can deviate significantly
from that of the unperturbed situation as already recognized by
several authors [26], [21]. In this situation, (1) is no longer sufficient for an optimum Bloch mode excitation and numerical
optimizations are usually necessary. When considering DLGs,
the numerical optimizations can highly benefit from basic analytical considerations leading to the approximate dispersion of
the surface wave Bloch modes as a function of the filling factor
and/or the period of the gratings. From a practical point of view,
the filling factor and the period of the DLGs are the only two
parameters that can be easily changed on a sample with a fixed
polymer thickness. In this respect, the dispersion of the plasmonic Bloch modes of the DLGs as a function of these two parameters deserves a careful examination as it determines the efficiency of the gratings when used as couplers.
The situation we consider here is shown in Fig. 1(a). The
DLGs are made of periodically arranged (period ) rectangular
cross-section lines of a dielectric material, deposited on top of
a gold film lying on a glass substrate. Two adjacent lines are
. Assuming an
separated by a side-to-side air gap
time dependence, the electric field of a plasmonic Bloch mode

where
is the free-space wavelength
with
the th Fourier coefficient
of the light, an integer and
of the grating profile. An incident plane wave traveling into the
air superstrate and impinging at an angle with respect to the
normal of the sample surface is expected to excite resonantly
the plane wave of expansion (3) provided that
(4)
where
. This last equation can be viewed as an
approximate dispersion relation of the Bloch mode as a function
of the frequency of the incident wave if
is changed or as a
function of the period of the grating if is changed or finally as
a function of the filling factor of the grating if
is varied.
Indeed, as long as moderately damped SPP modes are involved,
can be approximated in our situathe Fourier coefficient
tion by
(5)
and
refer to the real part of the effective indices
where
of the SPPs at the metal/superstrate and the metal/polymer flat
apinterfaces respectively and where the filling factor
pears explicitly. In essence, (4) is a generalization of condition
(1) to gratings with non-vanishing filling factors. According to
(4), the incident plane-wave can potentially excite two Fourier
components in the Bloch mode expansion if
(6)
are integers. In this last equation, the coefficient
can
be interpreted as an average effective index for the plasmon
mode traveling along the metal surface textured by the dielectric grating [25]. The dotted lines displayed in Fig. 1(b)–(e) have
been obtained from (6) with the effective indices
and
returned by the reflection pole method [28] for
the SPP modes at the gold/air interface and gold/polymer layer
m,
nm and for a polymer
interface when
refractive index of 1.45. The reflectivity, computed with the differential method [29], for DLGs illuminated by a plane wave
polarized perpendicularly to the grating lines for angles of inand
are also displayed in
cidence around
Fig. 1(b)–(c) and (d)–(e) respectively. In each figure, the loci of
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Fig. 1. (a) Schematic view of a the DLGs considered in this work. Reflectivity
m and (c)
m) (
of a DLG with a period (b)
nm,
nm
m) for angles of incidence around the normal incidence and
at
. (d) Same as (b) except for the period
m and
varying air gaps
m, the angles of incidence are distributed around
. In
(e)
(b)–(e), the dotted lines are obtained from the excitation condition (6), and the
are displayed for each line.
corresponding values of integers

the points of minimum reflectivity reveals the plane wave excitation efficiency of the Bloch modes as a function of the air gap
. In Fig. 1(b) corresponding to a period of
m, we
observe two distinct branches separated by a well-opened gap at
. It is well-known
the crossing of the two dotted lines at
from the frequency dispersion of surface wave Bloch modes
[26] or volume Bloch modes [27] that such an anti-crossing occurs when two plane waves in expansion (2) are simultaneously
and
given
resonantly excited. In this case, the orders
by (6) are both integers at the same value of . In this case,
we conclude that no Bloch mode with a field distribution corresponding to the energy of the fixed frequency we consider and
within the filling factor gap can be found. In analogy with
volume waves, it is expected that the width of the filling factor
gap depends upon the modulus of the grating Fourier coefficient
[27]. We also note in Fig. 1(b) that the Bloch
mode corresponding to the lower branch cannot be excited by a
normally incident plane wave. This behavior results from a vanishing overlap of the incident polarized plane wave and the longitudinal (along ) electric field component of the Bloch mode
caused by specific values of the relative phase of the Fourier
(or
) and
[26]. For
components
incidence angles far enough from the anti-crossing, the approximate dispersion curves coincide quite well with the numerically
computed ones. We note that for filling factor close to 0 or 1
or
) the plane wave coupling efficiency de(
creases dramatically. This can be understood from the fact that
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the plane wave excitation of the Bloch modes is mediated by
the fundamental harmonic
in expansion (2) since this
plane wave is the only one which is phase-matched with the incident plane wave when
. By considering (3), it is clear
is resonantly excited by
that the Fourier component
the incident plane wave, not only if condition (4) is verified,
but also if the grating has a non-vanishing Fourier coefficient
. For DLGs, the grating coefficients can be approximated
causing the
by
inefficient Bloch mode excitation for
when
is apis also decreasing
proaching zero or . The amplitude of
. Poor Bloch mode excitation obwith increasing values of
served in Fig. 1(d) and (e) for the branches corresponding to
or
arises from this decrease. On the basis of
this first analysis, we conclude that, for given illumination conditions (angle of incidence and frequency), as usual for most of
grating couplers, the DLG should allow the Bloch mode excita. Next, in
tion with a minimum momentum transfer
the range of all possible periods, the period leading to the Bloch
mode excitation for a filling factor around 0.5
is
expected to be the most efficient in the case of plane wave excitation. Note that this conclusion can only be used as a starting
point for further optimizations since it does not account for the
degeneracy lift of the Bloch mode dispersion curves.
B. Local Excitation of Dielectric Loaded Gratings Couplers
The goal of this section is to give typical numbers for DLG
coupling efficiencies and to correlate these efficiencies to the
dispersion curves discussed in the previous section. The configuration we consider now is shown in Fig. 2. Micro-DLGs
with a length of 10 m are positioned within a slab DLSPPW
nm,
at
comprised of a layer of polymer (
m). The center-to-center distance between two adjacent DLGs is 45 m. A DLG playing the role of an input
coupler is illuminated by a Gaussian beam with a beam waist
m. A plane wave expansion with up to 51 terms is used
to describe the Gaussian beam. By computing the field distribution for each of these plane waves and by summing the results
coherently, the field distribution for the Gaussian beam is obtained. The modulus of the electric field for an incident Gaussian
beam polarized perpendicularly to the grating lines (TM polarm
ization) illuminating a micro-DLG with a period
and
nm is shown in Fig. 2(b). We observe a very pronounced excitation of the DLSPPW mode. In order to quantify
this excitation efficiency, the flux of the incident beam Poynting
across surface
(see Fig. 2(a)) is compared to the
vector
computed across
flux of Poynting vector of the total field
surface
. For a surface
placed at the entrance of the slab
DLSPPW, the coupling efficiency is defined as
(7)
for a DLG period
The coupling efficiency as a function of
of
m is displayed in Fig. 2(c). As expected from
the dispersion curve of Fig. 1(b), the optimum excitation of the
nm close to the edge of the
Bloch mode occurs at
upper band. Note that, values of
within the gap in Fig. 1(b)
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Fig. 3. (a) Optimum values of the filling factor
for different DLG periods in the case of a 30 tilted incident Gaussian beam. (b) Coupling efficiency
to the DLSPPW modes for different DLG couplers periods. For each period,
used for the efficiency computation corresponds to the optimum
the air gap
value shown in (a).

Fig. 2. (a) Model configuration. A finite length DLG (10 m) on a 68 nm
thick gold film supported by a glass substrate is excited by a TM-polarized 2D
and
are used
Gaussian beam incident at an average angle . The surfaces
to compute the coupling efficiency of the micro-grating (see text). (b) Field
m and
nm, the
modulus distribution computed for
m. (c) Excitation efficiency of the
vacuum incident wavelength is
m as a function of
.
input coupler comprised of a DLG with
leading to the
(d) For a normally incident beam, values of filling factor
optimum for different values of DLG period. The coupling efficiencies are given
m,
m and
m.
for

lead to non-zero coupling efficiencies in Fig. 2(c) as a result of
the finite size of the micro-DLGs when used as couplers. The
for different DLG periods are displayed
optimum air gaps
in Fig. 2(d). For increasing periods , the optimum air gaps
increases whereas the coupling efficiency decreases. This tendency can be understood from the overlap of the incident beam
spectrum with the dispersion curve of the DLG Bloch modes. Indeed, for a sufficiently broad incident beam spectrum, the Bloch
mode excitation condition is fulfilled by many plane waves of
is close to a flat band edge
the incident beam provided that
of the dispersion curve as in Fig. 1(b) for example. The coupling
efficiency is thus expected to decrease when is increased since
in this case the angular range over which the dispersion curve is
flat becomes narrower as shown in Fig. 1(c).
The same computations have been reproduced for a Gaussian
beam incident onto the DLGs at an average angle of 30 .
Fig. 3(a) and (b) show, respectively, the values of
leading
to the optimum excitation for different periods and the corresponding values of coupling efficiencies. A coupling efficiency
m while a saturation at
below 2% is obtained for
roughly 20% occurs for periods around 2.2 m. By considering the dispersion curve shown in Fig. 1(d), we note that
m can be attributed
the very poor excitation for
to the fact that, for
, the corresponding optimum

nm is located onto the
branch making
the momentum transfer rather inefficient. On the contrary,
m for
m corresponds
the optimum
to the branch
at
leading to a quite good
DLSPPW mode excitation. Finally, we note that for
,
an efficient excitation is obtained for filling factors around
m and
nm) significantly different
0.38 (
from the expected value of 0.5. This difference is attributed to
and the resulting flatness of the
the degeneracy lift at
Bloch mode dispersion curve at this point. On the contrary, for
, the excitation saturation occurs for a period and an air
m,
m) far from an anti-crossing
gap (
and the corresponding filling factor (0.55) is approaching the
ideal value accordingly.
III. EXPERIMENTAL CHARACTERIZATIONS OF DLG COUPLERS
With the criteria for efficient DLSPPW excitation by means
of DLGs established in the previous section, we proceed with
an experimental approach for minimizing DLSPPW insertion
losses using fiber-to-fiber DLSPPW characterization. The setup
for this purpose is based on a leakage radiation microscope
(LRM) [30] with the fiber excitation/detection scheme situated
above the sample plane [Fig. 4(a)]. Incident radiation from a
m) is focused by a lensed-fiber (
laser source (
, full-opening angle in air of 30 ) onto the input grating coupler, whereas the resulting scattered light at the output grating
coupler is subsequently collected with an identical fiber focuser
[Fig. 4(a)]. The focusers are aligned to the grating couplers by
three dimensional translation stages and by fine positioning of
the sample using a piezo-controlled translation stage. Radiation concurrently leaking through the substrate is collected by
an oil immersion objective and focused by a lens onto an infrared (IR) camera. This gives the possibility of obtaining both
the LRM-image and the DLSPPW insertion loss in a single
experiment.
For the experimental results presented throughout this section, one focuser is oriented orthogonally to the sample plane
while the other is tilted 30 with respect to the sample normal,
enabling excitation/detection at normal incidence and tilted incidence, respectively. Note that with the chosen focuser orientations the risk of collecting stray light from a complementary
focuser is eliminated.
In order to experimentally verify the trends observed by numerical calculations in the previous section several DLSPPWs,
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Fig. 4. (a) Schematic representation of the characterization setup. The DLSPPW-mode is excited by focusing fiber-guided laser light onto the input grating
whilst the scattered light at the output grating is collected by an identical focuser
at normal incidence (NI) or tilted incidence (TI). The DLSPPW leakage radiand focused
ation is collected by an oil-immersion objective
onto an infrared CCD camera by a lens . (b) SEM-image of a typical EBL
writing-field comprising seven DLSPPWs. In this particular case, the lower gratings are for NI, whereas the upper gratings (with varying fill factor) are for TI.

with incorporated tapers and grating couplers at the input and
output, are fabricated by electron-beam lithography (EBL) on
covered with 68 nm of gold
a glass substrate
and 530 nm polymethyl-methacrylate (PMMA)[Fig. 4(b)]. The
fabricated DLSPPWs have constant widths
nm and
the taper base width and half-angle are fixed to 12 m and 15 ,
respectively.
The main objective is to minimize the insertion loss simply
by varying the grating coupler filling factor. As a first approach,
the filling factor for grating couplers excited at normal incidence
for a set
is systematically varied by changing the air gap
of seven grating-couplers for which the period is fixed. In
these experiments, the 30 -tilted output DLG couplers have a
fixed period and air gap of
m and
nm
respectively. The insertion loss is determined by illuminating
the input grating coupler at normal incidence with the polarization oriented along the x-axis [Fig. 4(b)], thereby launching
the DLSPPW-mode via resonant excitation of the grating coupler Bloch modes, and detecting the scattered light at the corresponding output grating coupler with the second tilted focuser. The detected scattered light is guided to a powermeter by
a single-mode fiber and finally normalized with the measured
incident power, thereby yielding the insertion loss. Note that
the insertion loss values obtained with these measurements are
not optimum since the parameters chosen for the tilted output
grating couplers are just reasonable values that have not been
m there
fully optimized at that stage. For the period
is clearly an optimum value for the air gap
nm
[Fig. 5(a)] for which the insertion loss is estimated to 32.1 dB
and the efficient excitation of the DLSPPW-mode is easily visualized by LRM [Fig. 5(b)]. The insertion loss increases by
is increased or decreased by only
about 4 to 5 dB when
nm. Thus, the coupling efficiency of the experimental gratings is more sensitive to a change of the air gap
than predicted by the numerical results. This discrepancy can be understood from an incident spot size in the experimental situation
–
m) significantly larger than in the numerical case.
(
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Fig. 5. (a) Insertion losses in dB as function of air gap
for period
m. (b) Image obtained by illuminating the optimized grating coupler at
normal incidence and focusing the leakage radiation from the sample plane onto
the infra-red CCD camera (100 s integration time). Note that for normal incidence excitation both the DLSPPW mode and a gold/PMMA SPP is excited in
opposite directions.

Fig. 6. Insertion loss as function of period and optimized air gaps
for
normal incidence (triangular markers) and tilted incidence (square markers). At
each data point the corresponding insertion loss is written. The open circles
leading to the largest
correspond to the numerical values of the air gap
coupling efficiencies.

For a large spot size described by a narrow wavevector spectrum, the Bloch mode excitation condition will be fulfilled over
in the experimental case than for the
a narrower range of
more tightly focused spot of the numerical modelling. Repeating
the characterization procedure for six different grating periods
for each period (triresults in a map of optimized air gaps
angular markers in Fig. 6). We note a quite good quantitative
agreement between the experimental values of optimum
and
the corresponding numerical values displayed as empty circles
in Fig. 6 for the different grating periods.
After optimizing the filling factor for the grating couplers
excited at normal incidence, a similar procedure is conducted
for grating couplers excited at tilted incidence. The excitation
and detection scheme is therefore reversed such that the input
grating coupler is illuminated at 30 incidence while scattered
light at the output is collected at normal incidence. Note that for
these experiments, the filling factor for the grating coupler optimized for normal incidence (and used now as the output coum
pler) is kept constant with the optimum parameters
nm such that the insertion losses meaand air gap
sured here can be considered as minimum values. The optimized
is found for three periods and having both input
air gaps
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and output grating couplers optimized leads to a typical insertion loss of
dB with corresponding typical filling
. For both normal and tilted incidence it can
factor of
therefore be concluded that a filling factor close to 0.5 is needed
in order to ensure efficient excitation of the DLSPPW-mode, as
predicted by the numerical model.
The individual efficiency of the input and output grating
couplers cannot be extracted from insertion loss measurements.
However, in our case, LRM images can be recorded when the
DLSPPW is excited by the grating designed for tilted or normal
incidence. The comparison of the intensity recorded over the
waveguide for each excitation configuration is then indicative
of the relative coupling efficiency of the two gratings provided
that the incident power is the same for both images and that
the spot alignment has been performed carefully in both cases.
Intuitively, the 30 -tilted input coupler is expected to be more
efficient than the normal grating couplers for two reasons. First,
the tilted incidence leads to an uni-directional excitation of the
DLSPPW mode and secondly, the incident electric field has a
component normal to the metal surface, generating polarization
charges necessary for the excitation of a SPP mode. However,
although repeated for different waveguides, we have found
that the coupling efficiency for the normal and tilted incidence
gratings are roughly similar in qualitative agreement with our
numerical results [see Fig. 2(d) and 3(b)]. Although not fully
analyzed, this observation is nevertheless useful to evaluate the
power loss per coupler. For a given waveguide and gratings,
the insertion loss IL expressed in dB can be written as
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Fig. 7. (a) SEM-image of a grating coupler with the grating incorporated into
the taper and with implemented Bragg mirror. (b) LRM-image showing propagation of a guided DLSPPW-mode and a gold/PMMA SPP propagating in
the opposite direction of the waveguide due to improper design of the Bragg
mirror (50 s integration time). (c) Similar as (b), but with proper design
of the Bragg-mirror functioning as a back-reflector for the gold/PMMA SPP.
(d) Transmission as a function of wavelength.

(8)
where
denotes the propagation losses of the DLSPPW
and
are the power loss (expressed in
mode and where
dB) introduced by the input and output coupler respectively.
In our case, knowing that the input coupling efficiencies for
the optimized normal and tilted incidence gratings are equal
and using a reciprocity argument for equating the input and
output coupling losses of a given grating, we conclude that
. The propagation losses are given by
where
is the length of
is the
damping distance of the
the DLSPPW and
DLSPPW mode field intensity. Typical propagation distance of
m at
nm have already been evaluated for the DLSPPWs we consider [11]. For the 75 m-long
waveguides of this work, the propagation loss is then about
7.5 dB leading to power loss of 11.2 dB per coupler at 1545 nm.
With the purpose of obtaining insertion losses well below
30 dB we proceed by incorporating the grating couplers into
the taper, which also has the benefit of increasing the degree
of integration. Furthermore, for the grating couplers excited at
normal incidence a Bragg mirror [Fig. 7(a)], which is known to
% SPP reflectivity when being properly designed
facilitate
[31], is implemented in order to work as a back reflector for
the gold/PMMA SPP. In order to ensure high Bragg mirror efand air gap
must be
ficiency, the Bragg mirror period
chosen in a way that the SPP mode incident on the mirror is reflected. In addition, the air cavity length , which is the distance
between the grating coupler and the Bragg mirror [Fig. 7(a)],
must be chosen such that the reflected SPPs are in phase with

Fig. 8. 10 Gbit/s telecommunications BER measurement setup. CW laser tunable from 1500 to 1610 nm. PPG: pulse pattern generator; Pol. Cont.: singlemode fiber polarization controller loops; IM: intensity modulator; VOA: variable optical attenuator; EDFA: erbium-doped fiber amplifier; gain 40 dB. PD:
fast photodiode; BER: bit-error-rate measurement.

Fig. 9. Eye-diagrams of the Back-to-Back (a) and transmitted 10 Gbits/S
1545 nm.
signal (b) for a received average power of 24 dBm at
40 ps.

the Bloch modes in the grating coupler. The optimum values for
and air cavity length
the Bragg mirror period , air gap
are calculated by using the Differential method and it is found
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Fig. 10. (a) Comparison of the BER for the back-to-back and DLSPPW transmission as a function of the transmitted power for a free-space wavelength of
nm. (b) Power penalty as a function of the incident free-space wavelength at a BER of
.

that proper dimensioning of the Bragg mirror has a strong influence on the insertion loss [Fig. 7(b), (c)]. For example, when
nm, air
the Bragg mirror is designed with a period
gap
nm and air cavity length
nm the insertion loss is 30 dB and the gold/PMMA SPP propagating away
from the DLSPP is still visible in the LRM-image [Fig. 7(b)],
nm, air gap
whereas when the Bragg mirror period is
nm and air cavity length
nm the insertion
loss is 26.8 dB and the leakage radiation from the gold/PMMA
SPP is suppressed [Fig. 7(c)]. In this last case, the power loss
per coupler drops below 10 dB.
Regarding suitability of the dielectric grating couplers for
DLSPPW excitation in telecommunication applications, the
wavelength dispersion is, along with a low insertion loss, a
crucial parameter. Therefore the transmission as a function
of wavelength is measured by exciting an optimized grating
coupler at normal incidence with a broadband amplified spontaneous emission source (1520–1610 nm) and transmitting the
detected light to an optical spectrum analyzer. The transmission spectrum [Fig. 7(d)] is obtained by normalizing the light
spectrum transmitted along the DLSPPW with the spectrum of
the source. We note that the insertion loss is less than 35 dB in a
wavelength range 1525–1575 nm and is only 25 dB at 1530 nm,
thereby indicating suitable conditions for telecommunication
characterizations.
IV. TELECOMMUNICATION FIBER-TO-FIBER DLSPPW
CHARACTERIZATION
The purpose of this section is to show that DLG couplers
are of practical interest for fiber-to-fiber telecommunication
characterizations of stand-alone DLSPPW components. For
this purpose, we perform the measurement of the bit-error-rate
(BER) for the propagation of a NRZ 10 Gbits/s signal along
a 75 m long DLSPPW equipped with optimized input and
output DLG couplers. The set-up we have used is schematically
shown in Fig. 8. An optical NRZ 10-Gbits/s pseudo-random
bit sequence is generated by means of a pulse pattern generator
associated to an intensity modulator acting on a continuous
wave laser source tunable from 1500 nm to 1610 nm. The
TM-polarized incoming non-return to zero signal can be
transmitted directly to the EDFA through the variable optical
attenuator (VOA) (Back-to-Back transmission) or transmitted
first through the DLSPPW waveguide and next through the

VOA (DLSPPW transmission). For the purpose of evaluating
the impact of the DLSPPW transmission on the quality of a
10 Gbits/s signal, we first observed the eye-diagrams in the
case of Back-to-Back (BtB) and DLSPPW transmissions. The
eye-diagrams obtained for the two types of transmissions are
shown in Figs. 9(a) and (b). In both cases, the eye-diagrams
nm and
were recorded for an incident wavelength of
dBm. For both transmission
an average received power of
schemes, the received power was adjusted by changing the
VOA attenuation level while keeping constant the EDFA gain.
We note that the transmission along the DLSPPW does not alter
the opening of the eye-diagram suggesting that a DLSPPW can
safely be used for transmission of 10 Gbits/s signal over short
distances. This qualitative result is further confirmed by the
BER measurement at 10 Gbits/s as a function of the transmitted
nm)
power for the BtB and DLSPPW transmission (
which is displayed in Fig. 10(a). For this wavelength, we note
that an error-free traffic at 10 Gbits/s along the DLSPPW is
dBm. Next,
achievable for transmitted power larger than
dB
we note that a weak BER power penalty of only
is obtained in agreement with measurements performed at
40 Gbits/s along hybrid silicon-DLSPP waveguides [14]. The
power penalty measurement has been repeated for incident
free-space wavelengths extending from 1525 nm to 1570 nm
[Fig. 10(b)]. Apart from a slight increase to
at a BER of
0.5 dB in the blue part of the wavelength range considered, the
power penalty remains quite small confirming the suitability of
DLSPPWs for WDM 10 Gbits/s transmission over the whole
C-band. Beyond the demonstration of high-bit rate traffic along
DLSPPWs, these results show that DLG couplers are convenient for fiber-to-fiber telecommunication characterizations of
stand-alone DLSPPW components.
V. CONCLUSION
In summary, we have considered the use of DLGs for
fiber-to-fiber in and out light coupling into stand-alone DLSPP
waveguides. First, the properties of the plasmonic Bloch modes
supported by the DLGs have been analyzed. In particular, the
dispersion of these modes as a function of the filling factor
and/or the period of the gratings has been discussed on basis of
both an approximate analytical model and a fully numerical approach. In both cases, it has been found that optimum coupling
to the DLSPPW mode is obtained for DLGs with filling factors
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close to 0.5. Based on the results of the numerical analysis,
the DLG couplers have been fabricated and their ability to
couple light into DLSPPW at telecommunication frequencies
has been demonstrated. By adjusting the period and the filling
factor of the gratings, optimum coupling efficiencies with
power losses below 10 dB per coupler have been obtained. For
couplers designed to operate at normal incidence, the coupling
in performances have been improved by adding a carefully
designed back-reflecting Bragg mirror. These couplers have
been operated to transmit a 10 Gbits/s signal along a straight
DLSPPW. The ability of this type of plasmonic waveguides
for high-bit rate traffic over a broad frequency range has
been established by measuring a quite small power penalty
of typically 0.3 dB. However, beyond the demonstration of
10 Gbits/s traffic along a plasmonic waveguide, these results
show that DLG couplers are an easy-to-implement solution to
operate fiber-to-fiber telecommunication characterizations of
components supporting plasmon modes with short propagation
distances. Further developments in this direction include the
improvement of the couplers by combined structuration of the
metal thin film and the polymer layer.
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