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1 Executive Summary 

This report details the numerical and experimental investigations of the optical properties 
of Dielectric-Loaded Surface Plasmon Polariton (DLSPP) ring and racetrack resonators 
made of Poly-methyl-methacrylate (PMMA) waveguides lying on gold films.  

Initially we demonstrate fabricated racetrack-shaped resonators that exhibit resonances 
with quality factor of about Q=140. This Q factor is one of the highest that ever reported 
for a plasmonic component and motivate their future use in plasmonic based switches. 
The plasmonic resonators have been implemented as a first preliminary stage for the 
design of 2x2 and X-add-drop switches. Based on the theoretical and experimental 
results from the transmission spectra of the drop and through ports of the switch and the 
thermo-optics response of a racetrack resonator coupled to a single waveguide, we 
conclude that reasonable switching exploiting the thermo-optics effect is achievable. 

Parallel to testing Dielectric-Loaded Surface Plasmon Polariton Waveguide (DLSPPW) 
resonators and switches featuring PMMA as polymer and facing the impossibility of 
ordering Inorganic Polymer Glass (IPG) as initially planned, the thermo-optical properties 
and processability of alternative polymers (Ormocer & Cyclomer) have been studied as 
alternative solutions for the fabrication of the DLSPPWs of PLATON platform.  

Additionally we report on fiber-coupled DLSPP-based waveguide structures, using 
intermediate tapered dielectric waveguides to funnel the radiation to and from the 
plasmonic waveguides. The assessment of the performance of the direct coupling of fiber 
to DLSPP waveguides allowed gaining the necessary insight for designing the PLATON 
fiber-pigtailing concept which features fiber-to-Si-to-DLSPP. Indeed, despite the 
successful development of the fiber-pigtailed DLSPP waveguides, the demonstrated 
approach has been proven inefficient when used for the fiber coupling of thermo-optic 
DLSPP switching elements. The main reason for this has been identified to be the high 
thermal conductivity of the required low-index MgF2 substrate, rendering this scheme 
unadapted to achieve the fabrication and demonstration of state-of-the-art thermo-optic 
DLSPP switches. 
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2 Introduction  

According to the work plan, this deliverable is related to WP2 objectives summarized as: 

a) To define PLATON’s interconnection and routing specifications 

b) To specify the parameters and design the components of PLATON’s subsystems 

c) To assess the performance of PLATON’s components and to identify the optimum 
configurations through theoretical analysis and numerical simulation. 

d) To fabricate and evaluate the system performance of first, state-of-the-art DLSPP 
and SOI structures 

e) To provide the final specifications of the modules to be developed based on the 
simulation analysis and the performance evaluation of the test structures 

f) To design the final platform layout and define the final system level experimental 
test bed specifications 

Specifically, this deliverable is associated to T2.3 [M03-M16] “Design of plasmonic 
switching elements” which mainly addresses the above points (b) and (c). The designed 
switching elements will later be evaluated in system-level routing experiments and be 
ultimately incorporated in the 2x2 and 4x4 Tb/s optical routing platform. The planned 
contributing beneficiaries are UB, CERTH/ITI, ICCS/NTUA.   

 

3 Definition of functional characteristics of thermo-optic 

plasmonic switches 

The desirable functional characteristics of the thermo-optic plasmonic switches have been 
defined according to the system-level requirements (CERTH/ITI and ICCS/NTUA), 
including the Extinction Ratio (ER), the Free Spectral Range (FSR) and the passband 
bandwidth. Four different switch configurations have been investigated and designed 
using advanced electromagnetic field computational methods. 

3.1 The DLSPP waveguide 

The DLSPP waveguide geometry, which has been considered in all theoretical and 
experimental investigations, is shown in Figure 3-1. In Figure 3-1(a) a variant with a 
uniform un-patterned metal film is depicted, whereas Figure 3-1(c) refers to the finite-
width metal stripe case. This second variant allows for thermal addressing of individual 
components or waveguide segments. Indicative mode profiles (dominant y-component) 
are shown in Figure 3-1(b) and Figure 3-1(d) at a free space wavelength of 1550mm. 
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Figure 3-1: DLSPP waveguides: (a) uniform un-patterned metal film, (c) finite-width metal stripe, (b), (d) 
mode field profiles (Ey component) at 1550nm for cases (a) and (c), respectively 

The particular waveguide dimensions and material properties are summarized in Table 1. 
All simulations have been conducted with a Finite-Element, Full-Vector Spectral 
Eigenmode Solver.  

 

Table 1: Material properties and dimensions for the DLSPP waveguide under 
investigation 

Parameter Value Comments 

Polymer Width (w) 500nm 
Ensures optimum effective mode width 

Polymer Height (h) 600nm 

Polymer Material PMMA  

Polymer Index (np) 1.493  At room temperature 

Thermo-optic coefficient (TOC) -1.05 x 10-4  

Gold Film Width (wAu) 3μm Or infinite (un-patterned) 

Gold Film Height (t) 60nm Gold (Au) 

Gold Refractive Index (nAu) 0.55-j11.5 At 1550nm [Ref: Palik] 

Substrate refractive index 1.45 SiO2 

The waveguide dispersion is reported in Figure 3-2. In particular, the real part of the 
effective mode index (neff) is shown in Figure 3-2(a) for three cases: i) uniform un-
patterned metal film as in Figure 3-1(a) and nAu, ii) finite-width metal stripe as in Figure 
3-1(c) and nAu fixed at the value of Table 1 and iii) finite stripe with the Au material 
dispersion according to measurements [1]. Figure 3-2(b) reports the corresponding 
propagation lengths for the above three cases. The propagation length for a DLSPP with 
uniform (infinite) metal film is around 52μm in the 1550nm window and this value drops 
to around 45μm for a 3μm×60nm metal stripe width. The real part is less sensitive to the 
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Figure 3-4(a) provides a map of the amplitude transmission coefficient, i.e. amplitude of 
the wave continuing in the straight waveguide past the interaction region, when varying 
the gap (g) and the racetrack length (L). On the same map, the critical coupling 
condition |t|=a (with a being the WRR round trip attenuation factor) is clearly marked 
with red stars. It is important to note that critical coupling can be achieved for a second L 
value when g is fixed. Gap values above 200nm have been examined due to the 
limitations imposed by the available lithography resolution during fabrication process. 
The WRR circular segments have a radius R = 5.5μm, which provides a balance between 
resistive losses (anticipated to further increase for larger R values) and bending losses 
(anticipated to increase for smaller R values). Reading from the map, it can be inferred 
that for a gap value of 0.25μm critical coupling holds for L=0 and again for L ~ 4.0μm. In 
the same way, for a gap value of 0.20μm, critically coupling holds “the second time 
around” for L=2.8μm. Figure 3-4(b) provides a typical illustration of the coupling 
mechanism, which additionally shows the various wave phenomena taking place in the 
structure: scattering in the interaction region, bending loss, etc. 

 

Figure 3-4: (a) Amplitude transmission coefficient |t| versus geometrical parameters g and L for the 
interaction region between straight waveguide and racetrack resonator. R is equal to 5.5μm. Red stars indicate 
critical coupling (|t|=a), (b) Field distribution (dominant E component) for an interaction region simulation 
(R=5.5μm, g=0.2μm, L=2.5μm) 

3.3 Waveguide-Ring Resonator 

The Vectorial 3-D Finite Element Method (FEM) is highly suited to handle structures of 
resonant nature, such as WRR add-drop filters, for several reasons. Firstly, the boundary 
conforming mesh of the finite element method can accurately model the cylindrical shape 
of the resonator involved. Secondly, the boundary conditions at interfaces between 
different materials are inherently satisfied, and are not hindered by the dramatic 
discontinuities of the dielectric permittivity on polymer-gold interfaces, which would pose 
problems in finite-difference-based methods. Finally, the resonant nature of the 
component on one hand precludes certain methods like the Beam Propagation Method 
(BPM), which can handle only forward-propagating waves, and on the other hand, 
renders time-domain methods time-consuming, since stepping must be carried on until 
all energy leaves the resonator. The general layout of the structures under investigation 
is shown in Figure 3-5, together with the basic discretisation unit, which is a prismatic 
element (inset). 
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Figure 3-5: Schematic of a DLSPP-based microring add-drop filter. The input port at which the mode is fed is 
marked by a ruled rectangle. Fictitious power ports at which guided power is calculated are shown in red. The 
orientation of the triangular prism mesh as well as the element itself with node and edge numbering are also 
included. For illustration clarity only one prism per material layer is drawn—more are actually used. 
Additionally, the contacts which supply the current for the thermal heating are also shown; current flow is 
perpendicular to the coupling region, equally heating the bus and the ring/racetrack waveguides. 

 

3.3.1 Thermally-Tunable All-Pass Ring/Racetrack Filters 

In all-pass filters the resonator is coupled to only one, the input waveguide. They are 
also commonly referred to as WRR filters. The gap (g) is fixed at 300nm, a value which is 
well within the capabilities of the available fabrication facilities. Different radii are 
considered and subsequently critical coupling is approached by appropriate racetrack 
segment lengths (L). The following two parameter sets are analyzed, which provide an 
excellent trade-off between the various interplaying mechanisms and are meant to 
provide critical coupling. 

[R=5.0μm // g=0.3μm // L=0.7μm] 

[R=5.5μm // g=0.3μm // L=0.4μm] 

As can be seen from Figure 3-6, large extinction ratios are easily obtained (~ 15dB for 
both cases), while the insertion loss of the filter is kept at reasonable values (-4dB at 
worst). The thermal shift is around 8nm, and this is for the maximum possible 
temperature change which can be sustained by the PMMA due to its poor service 
temperature (a ΔT=100K has been used in simulations). Unfortunately, this spectral shift 
is well below FSR/2 (which will provide maximum extinction ratio) and it is attributed to 
the rather low PMMA Thermo-Optic Coefficient (TOC). Polymers with higher TOC will 
provide substantial improvement. 
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Figure 3-6: Transmission versus wavelength for the (a) R=5μm case and (b) the R=5.5μm case. The thermal 
shift is ~8nm, which is well below FSR/2. 

 

3.3.2 Thermally-Tunable Add-Drop Ring/Racetrack Filters 

The most general form of an add-drop racetrack filter asymmetrically coupled to the 
input and output waveguides is depicted in Figure 3-5. Obviously, in the case of 
asymmetrical coupling the filter can act only as a 1×2 switch, whereas in the case of 
symmetrical coupling it can be used as a 2×2 switching element. Again, the metallic film 
width is 3μm. Although, such a value is adequate for straight DLSPP waveguides, a larger 
value might have been advantageous for the DLSPP ring waveguide. However, retaining 
a small value for the metallic film width is important to the power consumption of the 
switch. In order to satisfy both demands the asymmetrical placement of the polymer ring 
on the metallic ring is suggested, as already introduced in Figure 3-3. The drop state 
(minimum transmission in the through port and maximum transmission in the drop port) 
for a WRR filter with R=5.5μm is demonstrated in Figure 3-7. 

 

Figure 3-7: Field distribution (Real part of the dominant electric field component) at a maximum of the drop 
port transmission (λ = 1.52μm) of the unheated filter. The electric field is at a plane located 10nm above the 
metal surface. Shaded areas indicate PML regions and output power ports are marked by red lines. 
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The following points are of particular importance when designing this class of filters, in 
order to improve performance. 

a) Bend losses should be kept at a minimum. As the polymer refractive index is 
rather small and the metallic film is patterned so as to guide the control current, 
this means that a relatively large ring radius (> 5μm) must be chosen. Also, to 
this end, the loading forming the ring could be asymmetrically placed on the 3μm-
wide metallic ring. Specifically, with respect to the center of the bent waveguide 
the metallic ring could be extended 1μm toward the ring center (a=1μm) and 2μm 
toward the outward direction (b=2μm), as in Figure 3-3. 

b) The losses per circulation are detrimental to the extinction ratio and the insertion 
loss of the drop port. The inherent limit that the resistive losses set cannot be 
overcome. 

c) The fabrication limit of 300nm for the gap separating the waveguide from the 
resonator makes it difficult to obtain critical coupling for the through port. For this 
purpose, a racetrack resonator can be employed, as it lengthens the coupling 
region (it is therefore equivalent to decreasing the gap) without causing a 
significant increase of the circumference and as a result of the losses per 
circulation. 

d) The thermo-optic coefficient of PMMA along with the maximum temperature 
difference between the two states (100K in this investigation) are not sufficient 
for a wavelength shift of FSR/2. Specifically, the shift in the transmission minima 
is approximately 8-9nm. 

e) The wavelength at which the maximum drop port transmission is observed is 
chosen as the operating wavelength. This means that in the absence of 
addressing the drop port is ON and the through port is OFF. When the filter is 
heated the drop port transmission approaches its minimum (OFF) and the through 
port transmission its maximum (ON).  

 

Design #1: Minimum Insertion Loss & Minimum Crosstalk Design  

[R=5.5μm // g1=g2=0.3μm // L=0.5 μm] 

This is a symmetrically coupled racetrack resonator, which can function as a 2x2 switch. 
This design ensures reasonable insertion losses for both ports (-4.8dB and -6dB 
respectively), as well as minimal crosstalk in both states of the switch (~ 4dB for both 
states). The later means that in the absence of addressing, where the drop port is ON 
and the through port is OFF, more light is exiting the drop than the through port and 
vice-versa for the heated filter. However, the extinction ratios are rather small for both 
ports (5.5dB for the through and 2.5dB for the drop port). The filter performance for both 
ports (Through and Drop) and both states (unheated/cool and heated/hot) is shown in 
Figure 3-8. 
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Figure 3-8: Transmission versus wavelength in the C-band for ports Through and Drop, in the unheated and 
heated states for Design #1 

Design #2: Extinction Ratio Design 

[R=5.85μm //g1=0.3μm, g2=0.7μm //L=0μm] 

To get a descent extinction ratio for the drop port, the second waveguide must be weakly 
coupled to the resonator. In this way the transmission minima of the drop port 
approaches zero and the extinction ratio is improved. Moreover, small FSRs are 
advantageous, since the 9nm-shift approaches FSR/2 and therefore a bigger part of the 
available variation is captured. Small radii and racetrack resonators lead to large FSRs 
and very large values of g2, respectively, and are therefore not suitable for this design.  

The value of ~ 6μm is chosen for the ring radius because for a g1 value of 300nm the 
through port is (almost) critically coupled without the help of racetrack segments. The 
radius value is slightly detuned in order the operating wavelength to fall in the C-band 
(1.53 - 1.565μm). Then, the optimum g2 value is sought for and found to be ~ 0.7μm. 

We should note that in the process of increasing the extinction ratio for the drop port we 
have sacrificed the insertion loss. Specifically, the insertion loss for the drop port is -
14dB. Moreover, there is a great deal of crosstalk, i.e. in the absence of addressing the 
input light is equally split between the two output ports. However, this is not a problem 
since the two output ports are spatially resolved. 

From Figure 3-9 it is evident that the operating wavelength is chosen near (but not 
exactly at) the maximum drop transmission. This is done in order to maximize the 
extinction ratio of the drop port. The extinction values for the through ports are 9.5 and 
4.5dB, respectively. 
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Figure 3-9: Transmission versus wavelength in the C-band for ports Through and Drop, in the unheated and 
heated states for Design #2 
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4 WRR experimental results 

This section summarizes the experimental results obtained so far from the first bunch of 
plasmonic based WRR-based thermo-optic switches. In more detail we report on the 
optical characterization of resonators fabricated by electron-beam lithography using gold 
films coated with the well-known electro-sensitive PMMA resist. This resist features a 
thermo-optical coefficient of -1.05x10-4 significantly smaller than the polymers 
investigated in Section 5 but it has the advantage of being easily processed following 
well-established recipes. Therefore PMMA is used as a reference material in the 
preliminary experimental results reported in this section, with the focus being on the 
optimization of switch’s architectural aspects. 

We discuss firstly the results of a parametric study aiming to establish the ultimate 
performances of plasmonic WRR and the WRR shape we consider here is a racetrack one. 
This shape is known to allow for an accurate control of the interaction between the input 
waveguide and the micro-resonator. As it is illustrated in Figure 4-1, four parameters 
should be considered to span the entire geometrical parameter space. 

 

Figure 4-1: Schematic view of a racetrack resonator coupled to an input waveguide 

In order to minimize the number of experimental situations, the width W of the input 
waveguide is fixed to 700nm. The gap g, the interaction length L and the radius R play a 
key role in the achievement of the waveguide-resonator critical coupling. The influence of 
each of these parameters is investigated in the following by monitoring the quality factor 
of the micro-resonator for wavelengths ranging from 1500nm to 1625nm. 

 

4.1 Fabrication of the resonators 

The resonators have been fabricated by Electron-Beam Lithography (EBL). Three steps 
are necessary to complete the EBL fabrication of the resonators. First a glass substrate is 
cleaned and coated with a gold thin film with a thickness of 60nm. Such a thickness is 
large enough to prevent strong radiation of the plasmon mode within the substrate but it 
is also small enough to allow for the detection of these radiations by means of a sensitive 
infra-red CCD camera. The metal coated substrate is next spin-coated with PMMA. Two 
spin-coats at a speed of 5000rpm separated by a 5min-long hard bake at 170°C are 
necessary to reach the nominal height of 560-580nm. Next, the PMMA-coated substrate 
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is exposed to the electron beam at well-controlled dose. Finally, the exposed areas are 
dissolved in a 2-5 vol. MIBK-IPA mixture for 50 seconds.  

Figure 4-2 shows typical examples of PMMA-based racetracks resonators deposited on a 
gold film. One can see that the gap between the waveguide and the resonator can be 
controlled very accurately by using the EBL. It is clear that the accuracy of the EBL is by 
far superior to that the photolithography process that will be used to fabricate the 
pigtailed plasmonic waveguides. However, at this stage, our goal is to assess the 
optimum performances of the plasmonic racetracks resonators and to that aim the 
fabrication by means of EBL is relevant. 

 

Figure 4-2: Typical examples of EBL fabricated racetrack resonators 

 

4.2 Optical characterization 

The optical characterization of the resonators is performed by radiation leakage 
microscopy.  The plasmon mode propagating along a DLSPP waveguide is in essence a 
leaky mode in such a way that it radiates a fraction of its energy within the dielectric 
substrate. The radiation channel for the damping of the plasmon mode can be controlled 
by adjusting carefully the thickness of the metal film. The radiation leakages propagate 
within the substrate at an angle of incidence corresponding to a numerical aperture of 
typically 1.2 to 1.3. Thus, as shown in Figure 4-3, an oil immersion objective with a 
numerical aperture of at least 1.4 must be used to collect these radiations. The excitation 
of the input waveguides of the micro-resonators is achieved by focusing the incident laser 
on one end of the input waveguides. With this illumination condition, the excitation of the 
surface plasmon mode relies on the diffraction of the incident field on the waveguide end. 
A CCD camera with a high sensitivity in the infrared range is then used to form an image 
of the object plane.  
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4.3 Experimental results  

The optical characterization of the WRR has been performed in a systematic way by 
considering resonators with different radius R, gap g and interaction length L.  

 

4.3.1 Influence of the gap g 

The first parameter we consider for investigation is the gap that separates the input 
waveguide from the resonator. For this parameter, the radius R is fixed to 5.5µm and the 
interaction length to L=4µm. Figure 4-5 shows that for a fixed radius R and interaction L, 
the increase of the gap g leads to a decrease of the quality factor of the resonance and 
an increase of the minimum transmission. Indeed, while extinction ratio of about -30dB 
are achievable for g=188nm, this ratio drops to -12dB for g=370nm. A good compromise 
for the gap is obtained at g=295nm where an extinction ratio of roughly -25dB is 
observed. It is worth to note that this gap value is compatible with the resolution of the 
UV photolithography process that will be used for the fabrication of the pigtailed 
structures.  

 

Figure 4-5: SEM images and transmission spectra of racetrack resonators for different gap g and fixed radius 
(R=5.5µm) and interaction length (L=4.0µm) 
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The trend observed in Figure 4-5 is confirmed by a second set of measurements taken 
from another sample with R=5.5µm and L=4.0µm that are displayed in Figure 4-6. 
Although the trend in Figure 4-6 is similar to that of Figure 4-5, the extinction ratio for 
the second set of samples is found to be much smaller than the first one. The reason for 
this difference is likely due to the quality of the definition of the gap and is still under 
investigation. 

 

Figure 4-6: Transmission spectra recorded for varying gaps g but L and R similar to Figure 4-5 

 

4.3.2 Influence of the radius R  

Figure 4-7 shows the influence of racetrack radius variation when both the gap g and the 
interaction length are kept constant (g=200nm, L=2µm). It is clear from this graph that 
the optimum racetrack radius is around 5.5-6.0µm. These values are found to be in good 
agreement with the theoretical values predicted by the finite element method. 

 

Figure 4-7: Transmission spectra on racetracks resonators with increasing radius, g=200nm and L=2µm 
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4.3.3 Influence of the interaction distance 

The last parameter that has been considered is the interaction distance L. From a 
practical point of view, the distance L should be chosen as small as possible in order to 
minimize the losses per roundtrip within the resonator. In this respect, many values of 
the interaction distance have been tested in the range 0-4µm. The transmission spectra 
displayed in Figure 4-8 show that an interaction distance around 2.5µm provides the 
optimum performances for the racetrack in terms of extinction ratio and quality factor. 
This result has been further confirmed by considering a second set of samples with 
interaction length of 0.4µm and 0.7µm. For such values of L, the extinction ratio is 
around -6dB for optimum gap value around 250nm. Based on the results of the 
experiments discussed above, we have obtained the geometrical parameters of the 
DLSPPW racetrack resonators leading to the largest extinction ratio and quality factor. As 
shown by Table 2, the largest quality factor of the racetrack resonator is about Q=130 
and is obtained for an interaction length of 2.5µm, a radius R=5.5µm and a gap of 
200nm. Relying on these results, we have designed the add-drop filters described in the 
next section. 

 

Figure 4-8: Transmission spectra for racetracks with a fixed radius (R=5.5µm), a constant gap (g=200nm) 
and changing interaction length L 

 

Table 2: Summary of properties of the tested racetrack structures 

Gap (nm) Interaction length (μm) Radius (μm) Q factor 
Resonance 

wavelength (nm) 

200 2.0 5.5 98 1534 

200 2.5 5.5 131 1532 
200 2.0 5.5 112 1511 
50 1.0 5.5 78 1546 
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4.4 Circle and racetrack 2x2 Add-Drop filters 

Figure 4-9 shows SEM images of typical add-drop filter structures we consider for 
investigation. A resonator is coupled to two input waveguides. The optical 
characterization of the filter is obtained once again by radiation leakage microscopy.  

 

Figure 4-9: SEM image of the typical design of a 2x2 WRR DLSPPW switch 

 

Figure 4-10 shows the optical images recorded in the case of an add-drop filter using a 
racetrack resonator with a radius R=5.5µm, an interaction length L=0.5µm and gaps 
g=200nm for the input and add waveguides. 

 

Figure 4-10: Radiation leakage microscopy images of a symmetric add-drop filter designed using a racetrack 
resonator with R=5.5µm, L=0.5µm and g=200nm at (a) Incident wavelength 1504nm, (b) Incident wavelength 
1518nm 

 

Changing the incident wavelength from 1504nm to 1518nm causes the excitation of 
either the through or the drop port. By monitoring the output intensity on these two 
ports, the spectrum displayed in Figure 4-11 has been obtained. The spectrum shows 
rather broad peaks for the transmission through the drop port. Such a situation is clearly 
not optimum for thermo-optics applications where a slight shift of the peaks should be 
associated with large extinction ratio on each output (through and drop) ports.  
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intensity of 550mA corresponds to a temperature just below the melting point of the 
PMMA. By comparing the spectrum recorded at I=0mA and I=550mA, we conclude that a 
maximum shift of the resonance of 5nm is achievable with this type of resonators. Based 
on this result, the development of the 2x2 thermo-optical racetrack-based switches 
seems to be feasible and is currently under test. 

 

Figure 4-15: (a) Set-up for thermo-optical measurements and (b) transmission spectra of a racetrack 
resonator recorded for different values of the current flowing through the electrode 

4.6 Correlation between all-pass WRR filters theoretical predictions 
and experimental measurements  

Figure 4-16 provides a first comparison between theoretical predictions and experimental 
measurements for three all-pass WRR filters, with geometrical parameters that ensure a 
close to optimum operation. It is evident that results agree quite favorably. In addition, a 
list of more general comments referring to the comparisons carried out over a more 
extended dataset of experimental measurements is following. 

1. The FSR is always predicted very accurately. The discrepancy is smaller than 1nm 
in all cases. 

2. A discrepancy often appears in the maximum and minimum points of transmission 
as it evident from Figure 4-16(a), or equivalently the "distance" from critical 
coupling. More likely the deviation can be attributed to slightly different 
propagation losses of the DLSPP waveguide in experiments and simulation, 
resulting in a different scaling factor per circulation a (round trip loss), and 
therefore a change of the geometrical parameters for which the critical coupling 
condition holds. Another explanation might be that the coupling between 
waveguide and resonator is actually weaker than predicted by the simulations, 
due to fabrication imperfections. 

3. The position of the transmission minima agrees very well most of the times. 
However, even if a small offset is present (for instance blue curve in Figure 4-
16(b)), it can be readily amended by slightly varying the radius or straight 
segment length of the racetrack resonator in the simulations (see red curve in 
Figure 4-16(c)), since the resonant frequencies are very sensitive to variations of 
the circumference (e.g. increasing the radius by 50nm results in a shift of the 
transmission minima of approximately 10nm toward longer wavelengths). 
Arguably, small deviations from nominal geometrical parameters can be expected 
in fabrication processes. 
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(spectral range, 300 – 800nm, angle of incidence=75°). Extrapolation of data in the IR 
telecom spectral range up to 1600nm has been performed on the basis of a Cauchy 
model of the spectral dependence of the index of refraction. PMMA films (0.5µm thick) 
were obtained by spin-coating (spin-speed=2500rpm) on a silicon wafer. Heating was 
achieved by deposition of sample on a hot plate. The film temperature was measured 
with a thermocouple. Results are presented in Figure 5-1. At λ=1.55µm, PMMA refractive 
index and TOC are respectively found to be 1.482 and -1.4538·10-4 / °C. 

5.2 Inorganic Polymer Glass  

According to reports [3], IPG from RPO Inc (Australia) features a TOC of -3. 10-4 /°K at 
 λ=1.55µm, three times higher than PMMA. Unfortunately, in order to secure an industrial 
plan featuring the use of IPG in touch screens devices, RPO Inc stopped delivering IPG 
just after PLATON started. This situation forced the PLATON consortium to consider 
alternative polymers of the same siloxane family: Ormocer and Cyclomer. 

5.3 Ormocer 

According to published data, Ormocer features a twice higher TOC and a considerably 
higher service temperature (higher glass transition temperature) than PMMA. Such data 
sounded interesting in the context of PLATON. We therefore investigated the suitability of 
Ormocer for the fabrication of DLSPP waveguides. Attempts to process Ormocer to 
achieve structures thinner than 1µm revealed many serious problems: too low adhesion 
to substrates, bad film uniformity, sticking to mask during contact UV lithography, low 
resolution in gap mode UV lithography, as well as cross-linking inhomogeneities. 

Several standard improvement techniques were deployed: surface treatment of the 
substrate by oxygen plasma, treatment with Ti Prime and piranha solution, variation of 
dilution rate and annealing temperature, shining under a nitrogen stream, etc... None led 
to satisfactory DLSPPW structures: the best developed 600nm thick Ormocer layer 
(shown in Figure 5-2) still exhibited a roughness incompatible with PLATON 
specifications. After all these efforts we came to the conclusion that Ormocer cannot be 
employed for PLATON applications. Interestingly, we noted that most studies [4] report 
the use of Ormocer only in the context of the microfabrication (using UV lithography) of 
much thicker devices than those envisioned in PLATON.  

 

Figure 5-2: Characterization of processed 600nm thick Ormocer structures: (a) Topography profile (AFM) and 
(b) optical microscopy both revealing unacceptable roughness 
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5.4 Cyclomer 

According to [5], Cyclomer is a copolymer processable in i-line UV lithography and 
exhibiting optical and thermo-optical properties well suited for PLATON purposes:    

n in the range 1.52 to 1.53, Tg=149.89°C 

TOC at λ=1.55µm: -10. 10-4/°C (TE Polarization); -7.0 10-4/°C (TM Polarization) 

Since these data were reported by a single publication only, we undertook to check these 
data together and how processable is cyclomer for achieving 500 to 600nm thick DLSPP 
structures. We considered UV lithography processing by i-line (365nm) and also by deep 
UV photolithography (250nm). 

 

5.4.1 Cyclomer processing 

In the i-line photolithography process (365nm), Cyclomer must be mixed with an amount 
of photoinitiators (Irgacure500 and Thioxanthone) while for deep UV photolithography 
(240nm), the resist can be used without any additive. In order to determine adequate 
parameters (development time, post exposure back duration, UV exposure dose…), 
experiments have been conducted using a mask available in UB laboratory from a 
previous project. Different developers have been tested (Ethyl Lactate, Sodium 
Carbonate, MIBK). Typical results obtained are illustrated in Figure 5-3 and Figure 5-4. 

 
Figure 5-3: i-line process result: Thickness of Cyclomer (a) before, (b) after development and (c) Image of 
Cyclomer waveguides 

In Figure 5-3 (i-line photolithography), we observe a significant Cyclomer thickness 
reduction after development, whereas this phenomenon is kept within an acceptable 
range by deep UV processing (Figure 5-4). As Cyclomer is a negative-tone resist, a dark-
field mask was required so as to perform the first fabrication of cyclomer waveguides 
with the right dimensional specs. A first home-made mask has been produced but it was 
of relatively low quality, with large rugosity, defects and interruptions in the waveguides. 
Nevertheless, this mask allowed the first fabrication studies (a series of 600nm thick 
cyclomer waveguides featuring widths ranging from 2µm to 10µm), but they were only 
indicative. The preliminary conclusion is that photolithography at 250nm is the best way 
to process cyclomer for our applications. However the definitive assessment of the 
suitability of this polymer for PLATON requires the use of a dedicated commercial 
negative mask that is currently in order. 
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Figure 5-4: Deep UV process result: Thickness of Cyclomer (a) before, (b) after development and (c) Image of 
a Cyclomer waveguide 

 

5.4.2 Thermo-optical characterization 

We report here on TOC properties of Cyclomer exposed at the two different UV 
wavelengths. Data points leading to the summary Table 3 were obtained by fitting 
ellipsometry data with a Cauchy model and at temperatures ranging from ambient to 
80°C on layers in the 500 to 600nm thickness range. Several TOC values have been 
obtained for each case and average values calculated.   

We observed large fluctuations of the measured TOC, as large as +/-1 10-4 / °C in the 
worst cases corresponding to i-line processed cyclomer incorporating photo-initiator. We 
think that these fluctuations are inherent to the measurement method. The good point is 
that fewer fluctuations are observed in the case of 250nm processed Cyclomer as it was 
indicated in the previous section due to the i-line processing. 

At λ=1.55µm, the UV 250nm processed Cyclomer index of refraction at room 
temperature was found to be 1.505 while its measured TOC for Cyclomer is in the same 
order of magnitude as the one of IPG so that cyclomer could be a potential good 
substitute for IPG which turned out to be unavailable. 

Table 3: Summary of TOC measurements for the tested Cyclomer processings  

Cyclomer 

Average TOC (dn/dT)  

(for T<80oC) 

(10-4/oC) 

TOC (dn/dT) fluctuation range  

(for T<80oC)   

Min (10-4/oC) Max (10-4/oC) 

Unexposed -2.6 -2.5 -3.0 
Unexposed with photo-

initiator 
-3.0 -2.0 -4.0 

Exposed to UV 365nm 
with photo-initiator 

-2.5 -2.0 -4.0 

Exposed to UV 250nm -2.9 -2.5 -3.0 
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Figure 5-5: Measurements on deep UV shined Cyclomer: (a) for several temperatures, refractive index as a 
function of wavelength, (b) Cyclomer TOC at λ=1.55µm 

 

Table 4: Fabrication steps DLSPPW featuring UV 250nm processing of Cyclomer 

Structures Steps 

Au structures 

1. Spin coating of AZnLOF resin (Speed 3000rpm) 
2. Soft bake (100° during 2mn in hot plate) 
3. UV exposition to dose of 60mJ/cm² in i-line with a 

vacuum contact 
4. Post-exposure bake (110° during 5mn in hot plate) 
5. Development in AZ 826 nLOF (5mn) 
6. Flood exposure 370mJ/cm² 
7. Had back(110° during 2mn in hot plate) 
8. Gold evaporation (40nm) 
9. Lift-off (2H00 in a heated NMP) 

Polymer structures 

10. Cyclomer will be diluted in PGMEA 2:3 in wt 
11. Spin coating (speed 3000rpm) 
12. Soft bake (5mn at 90°) 
13. Exposition to UV 250nm (dose ~500mJ/cm²) 
14. Development in Ethyl Lactates 
15. Hard bake (3H00  in 120°) 

 

Table 5: Measured refractive index and TOC of polymers considered in this work  

Polymer 
Refractive index  

at 1.55μm 

dn/dT 

(10-4/oC) 

Best UV  

Lithography process 

Processing  

below 1μm 

PMMA 1.482 -1.4 Deep UV ok 

ORMOCER - - i-line failed 

CYCLOMER 1.505 ~-2.9 Deep UV ok 
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6 Fiber-coupled dielectric-loaded plasmonic waveguides 

 

The work reported here was completed by SDU and UB during the transition phase 
between their participations in FP6-IST-STREP PLASMOCOM (terminated in January 
2010) and the start of FP7-ICT- STREP PLATON (Started in January 2010 and published 
in March 2010) [6]. The assessment of the performance of the direct coupling of fiber to 
DLSPP waveguides allowed gaining the necessary insight for designing the PLATON fiber-
pigtailing concept which features fiber-to-Si-to-DLSPP. 

6.1 Experimental arrangement 

All investigated waveguide structures were fabricated using deep UV lithography 
(wavelength of ~ 250nm) with a Süss Microtech MJB4 mask aligner in the vacuum 
contact mode and a ~1-µm-thick layer of PMMA resist spin-coated on a (~ 750-µm-thick) 
magnesium fluoride (MgF2) substrate containing a central 50-nm-thick gold strip of 
~100µm in width (Figure 6-1(b)). The fabricated sample contained PMMA strips forming 
(~ 1-µm-wide) straight and bent DLSPPWs connected (via funnel structures of different 
lengths) with access (10-µm-wide) polymer waveguides outside the gold strip (Figure 6-
1(d)). Funnel structures have been used in order to efficiently couple radiation from input 
Ridge Polymer Waveguides (RPWs) (excited through the sample facet with the end-fire 
arrangement) to DLSPPWs and back (Figure 6-1 (a)). Four tapering lengths (varying 
from 20 to 35µm by steps of 5µm) have been realized in order to identify the optimum 
funnel length, while the access waveguide width was kept constant (10µm) matching the 
dimension of a single-mode fiber (core diameter ~ 10µm). The final fabrication step was 
a cleavage of the sample perpendicular to the RPWs resulting in ~ 2-mm-long and ~ 10-
µm-wide ridge waveguides leading toward each side of the DLSPPW area. It should be 
noted, the edge quality of the cleaved sample was found to be varying from strip to strip 
(Figure 6-1(c)) and strongly influencing the level of coupling losses in the fiber-to-fiber 
transmission measurements. 
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Figure 6-1: (a) Schematic representation of the proposed end-fire in/out coupling arrangement showing 
cleaved PM single-mode optical fibers and a fabricated sample with waveguide stripes. (b) Schematic layout of 
a device structure containing a DLSPP waveguide integrated with ridge optical waveguides. The drawings (a) 
and (b) are not to scale. Optical microscope images showing top views: (c) the fragment of the cleaved edge of 
the sample and (d) the central part of the sample that features gold film area with PMMA strips forming straight 
DLSPPWs connected with funnels to input/output RPWs. 

 

6.2 Characterization 

Optical characterization of the fabricated straight DLSPPW structures has been carried 
out using standard transmission measurements with a tunable laser (wavelength range 
of 1450 – 1600nm) as a radiation source and an Optical Spectrum Analyzer (OSA) as a 
detector. TM⁄TE-polarized laser radiation (the electric field is perpendicular/parallel to the 
sample surface plane) was launched into the input RPWs via end-fire coupling from a 
Polarization- Maintaining (PM) single-mode fiber. The adjustment of the in-coupling fiber 
with respect to the input RPW was accomplished by monitoring the output facet of the 
sample with the help of a far-field microscopic arrangement (with an IR-Vidicon camera 
and a properly adjusted 50× microscope objective). It was observed that for a 1-µm-
thick and 10-µm-wide RPW, the mode field diameter is symmetric and well matched to 
that of a standard PM single-mode fiber used in our experiments (cf. Figure 6-2(a) and 
Figure 6-2(b)). The far-field observations have also confirmed the expected polarization 
properties of the DLSPPW mode, i.e. the efficient coupling of the RPW modes into DLSPPs 
has been found only with TM-polarized radiation (cf. Figure 6-2(b) and Figure 6-2(c)), 
and revealed a relatively low level of the total insertion loss. Following these experiments 
(that include also adjusting the in-coupling fiber position to maximize the coupling 
efficiency) we replaced the far-field microscopic arrangement with another PM single-
mode fiber that was used to collect the out-coupled power and to send it to an OSA. 
During the experiments we checked that the tunable laser source was spectrally pure and 
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mode hop free over the whole spectral range. The transmission spectra were recorded in 
the wavelength range from 1450 to 1600nm with the OSA sensitivity set on -80dBm for 
four straight DLSPPWs characterized by different funnel lengths (Figure 6-2(d)). It was 
found that, in general, the transmission for different DLSPPWs exhibited similar 
wavelength dependencies with the maximum transmission being detected (for all 
investigated waveguides) at the wavelength of ~ 1480nm (gradually deteriorating for 
both longer and shorter wavelengths). Since the DLSPPW propagation loss decreases 
monotonously for longer wavelengths, we believe that this maximum should be 
attributed to the realization of optimum conditions for the RPW-DLSPPW coupling. 
Furthermore, it is seen that, in the wavelength range of 1525-1600nm, the transmission 
depends monotonously on the taper length, increasing with the decrease in the funnel 
angle. This trend is in a good agreement with experimental and theoretical findings 
reported recently for similar funnel structures excited with the prism coupling 
arrangement. Finally, we believe that the rather poor transmission obtained with the 
DLSPPW terminated with the shortest (20-µm-long) funnel might be partially due to 
additional coupling losses caused by the aforementioned (inadvertent) RPW edge 
imperfections (Figure 6-1(c)). 

To get further insight into loss mechanisms of the developed fiber-DLSPPW-fiber coupling 
arrangement, we have evaluated the RPW-DLSPPW coupling loss using the Effective-
Index Method (EIM) approximation. Within the EIM approximation, the most imperative 
loss factor is determined by the in-depth field matching (i.e., in the direction 
perpendicular to the surface plane). 

 
Figure 6-2: Far-field microscope images of the mode profile observed at the output facet of (a) cleaved PM 
single-mode optical fiber and (b, c) output ridge polymer waveguide for both (b) TM and (c) TE polarizations of 
incident light at λ≈1550nm. (d) Total (fiber-to-fiber) transmission of 100-µm-long DLSPPWs connected by 
funnel structures (of different lengths) to 2-mm-long input/output RPWs as a function of the light wavelength. 

We have calculated the electric-field magnitude (depth) distributions for the fundamental 
modes of the RPW (Figure 6-3(a)) and DLSPPW (Figure 6-3(b)) and the corresponding 
overlap integral arriving at the RPW-DLSPPW coupling loss of ~ 3dB. Similarly, by 
considering the (both lateral) field profiles for the PM single-mode fiber (with the core 
diameter being ~ 10µm) and RPW we have calculated the overlap integral and the 
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corresponding fiber-RPW coupling loss of ~ 3.6dB. Taking into account the propagation 
loss (~ 12dB at λ≈1550nm) calculated for 100-µm-long DLSPPWs, the total fiber-to-fiber 
power loss in the investigated arrangement was estimated to be at the level of ~ 25dB. 
This loss level is in a good agreement with our experimental results (Figure 6-2(d)), 
implying thereby that 25-µm-long (and longer) tapers do not introduce additional losses. 
It should also be noted, that the fiber-RPW coupling loss can be significantly decreased 
(down to ~ 1.2dB per facet) by use of the in-coupling fiber with a smaller (~ 4µm) core 
diameter. Similar improvement is expected for the RPW-DLSPPW coupling when properly 
adjusting the polymer thickness. 

 
Figure 6-3: Distributions of electric field magnitude calculated (by use of effective-index method) along the 
longitudinal axis for ridge optical (a) and plasmonic (b) waveguides integrated within the device schematically 
shown in Figure 6-1(b). 
 

Tight mode confinement in the lateral cross section is one of the most attractive DLSPPW 
features amenable to the realization of compact S-bends and Y-splitters. Current 
transmission investigations of the fiber-coupled DLSPPWs containing different S-bends 
are in progress, and their detailed account will be revealed in the near future. We present 
here only preliminary results concerning the influence of the off-set parameter d (ranging 
from 4 to 16µm) on the total power loss (Figure 6-4). Using the same fiber-to-fiber 
arrangement (Figure 6-1(a)), we characterized S-bends (with different offsets d) and 
observed a rather efficient transmission with the additional (bend) loss being close to ~ 
1.2dB (for the smallest offset d≈4µm) that gradually deteriorated for larger offsets due 
to the SPP radiation out of the bend. Note that the obtained results are in good 
agreement with the already reported investigations (conducted using near-field optical 
microscopy) of similar S-bends structures. The performance of the considered structures 
could be further improved by optimizing the structural parameters so as to achieve the 
better DLSPPW mode confinement (e.g., by tuning the width of the fabricated DLSPPWs) 
that would allow to achieve higher transmission through the S-bends. 
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Figure 6-4: Optical microscope images of the fabricated and characterized S-bend structures with (a, d) 4, (b, 
e) 8 and (c, f) 16µm displacements over a distance of 10µm along with corresponding mode profiles observed 
at the output facets of S-bends at λ≈1550nm. The level of total (fiber-to-fiber) loss shown in (d-f) is 
normalized to the transmission through the straight DLSPPW. 

The fiber-DLSPPW-coupling configuration was also used for the demonstration of fiber-
pigtailed thermo-optic MZI (Figure 6-5) and WRR PMMA-loaded SPP modulator 
structures, revealing however that the high thermal conductivity of the MgF2 substrate 
(130 times higher than the thermal conductivity of PMMA) restricts their operation to 
very low modulation speeds in the order of some hundreds of KHz. 

 

 
Figure 6-5: Demonstration of fiber-pigtailed thermo-optic DLSPPW MZI operation 

 

6.3 Assessment of fiber-pigtailed DLSPPW 

The issue related to the MgF2 substrate led the PLATON consortium to adopt a new 
approach for the fiber-pigtailing of discrete thermo-optic DLSPP switches, namely 
exploiting fiber-to-Si-to-DLSPP waveguide couplings. In this way, the well-known concept 
of fiber-to-Si waveguide coupling will be employed for coupling light in and out of the 
chip and the Si-to-DLSPP coupling interfaces already designed within WP2 (see D2.1 
“Specifications of PLATON’s 2x2 and 4x4 routing platforms” and D2.2 “Report on the 
design of silicon photonic components, SOI motherboard and microcontroller IC”) will be 
subsequently implemented for allowing light to enter the plasmonic waveguides. 
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7 Conclusion 

In this deliverable we present results from numerical simulations and experiments of the 
optical properties of DLSPP ring and racetrack resonators made of PMMA waveguides 
lying on gold films. Experimental results demonstrated that only racetrack shaped 
resonators can be considered as a viable solution for switching with acceptable 
performance. Ring shaped resonators are incapable of providing the critical coupling 
length for the formation of resonators with high enough Q-factor. In this way we 
observed that racetrack-shaped resonators exhibit resonances with “large”, considering 
plasmonic components, quality factor of about Q=140. From the transmission spectra for 
the drop and through ports of the switch and the thermo-optics response of a racetrack 
resonator coupled to a single waveguide, we came to the conclusion that thermo-optic 
switching with plasmonic resonators is feasible. The performance characterization of the 
switch under static and dynamic conditions is currently in progress. 

Also a strategy for the thermo-optical switch DLSPP structures that will be employed in 
PLATON platform has been determined: 

a) Initial Plan is based on using Cyclomer as the polymer for the DLSPP 
waveguides, given than the tests with the negative masks in order will turn 
out to be successful. For this purpose, the best fabrication process has already 
been identified. 

b) In case the previous Plan will fail the contingency plan is to use PMMA in the 
UMZI configuration. 

Finally we present results from our work focusing in the investigation of fiber-coupled 
DLSPP-based waveguide structures, in which intermediate tapered dielectric waveguides 
were used to funnel the radiation to and from the plasmonic waveguides. The waveguide 
structures, consisting of 1-µm-thick polymer ridges tapered from 10-µm-wide ridges 
deposited directly on a magnesium fluoride substrate to 1-µm-wide ridges placed on a 
50-nm-thick and 100-µm-wide gold stripe, were fabricated by large-scale UV-lithography. 
Using fiber-to-fiber transmission measurements at telecom wavelengths, the 
performance of straight and bent DLSPPWs has been characterized demonstrating the 
overall insertion loss below 24 dB, half of which was attributed to the DLSPPW loss of 
propagation over the 100-µm-long distance. The assessment of the performance of the 
direct coupling of fiber to DLSPP waveguides allowed gaining the necessary insight for 
designing the PLATON fiber-pigtailing concept which features fiber-to-Si-to-DLSPP. 
Indeed, despite the successful development of the fiber-pigtailed DLSPP waveguides, the 
demonstrated approach has been proven inefficient when used for the fiber coupling of 
thermo-optic DLSPP switching elements. The main reason for this has been identified to 
be the high thermal conductivity of the MgF2 substrate, rendering this scheme non-
adapted to achieve the fabrication and demonstration of state-of-the-art thermo-optic 
DLSPP switches to be used for the preliminary routing experiments based on discrete 
fiber-pigtailed devices within Task 2.4. 
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Abbreviations 
 

BPM Beam Propagation Method 

CCD Charge-Coupled Device 

DLSPP  Dielectric-Loaded Surface Plasmon Polariton 

DLSPPW Dielectric-Loaded Surface Plasmon Polariton Waveguide 

EBL Electron-Beam Lithography 

EIM Effective-Index Method 

ER Extinction Ratio 

FEM Finite Element Method 

FSR Free Spectral Range 

IPG Inorganic Polymer Glass 

MZI Mach-Zehnder Interferometer 

OSA Optical Spectrum Analyzer 

PMMA Poly-methyl-methacrylate 

PM Polarization- Maintaining 

RPW Ridge Polymer Waveguide  

SEM Scanning Electron Microscope 

SOI Silicon On Insulator 

TOC Thermo-Optic Coefficient 

UV Ultraviolet 

WRR Waveguide Ring Resonator 

UMZI Asymmetric MZI 
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