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Introduction

In order to understand the surface plasmons, we will first study the dielectric function for the case of a noble metal, then recall the phenomena of collective electron oscillation within thin and smooth films. Then, we will study stratified (infinite) layers, which will allow us to approach the plasmon phenomenon. More complex structures will be created in order to reach the surface plasmon case on nanostructured layers.

Chapter I. Plasmonic Waveguides Interconnects 1 Dielectric function of metals

To investigate the surface plasmon polariton physical concept, the "Drude model" [START_REF] Drude | Zur elektronentheorie der metalle[END_REF] applied to metals can be used to explain the transport properties of electrons in materials.

The "Drude model" considers the metal as a gas made up of free conduction electrons.

The free electron gas can collectively oscillate and this longitudinal displacement of the density of charges is called a plasmon. The basic view of SPP properties gives a well-known relation between metal permittivity and plasma frequencies, which does not take into account the notion of optical energy band gap and the quantum effects. In metals, most electrons are free because they are not bound to a nucleus. For this reason, the restoring force is negligible and there is no natural frequency. The sum of force applied on free electrons can be described by the Lorentz model:

ÿ F = m.ą (I.1)
Frestoring force + FLorentz + Ffriction = m.ą (I.2) -k.r + q Ę -".v = m.ą (I.3) m. r + ". ˙r + k.r = q. Ę(r, t) (I.4)
It assumes that "q" represents electron charge (q≡-e), Ę(r, t)= Ę0 (r).e ≠iÊt , and r (t)=r 0 (t).e ≠iÊt .

-mÊ 2 r 0 .e ≠iÊt -iÊ"r 0 .e ≠iÊt + kr 0 .e ≠iÊt = -e. Ę0 (r ).e ≠iÊt (I.5)

r 0 (-Ê 2 -i " m Ê + k m )=-e. Ę0 (r ) (I.6)
If Ê 2 0 = k m ,w h e r e" Ê 0 " is also called the resonant frequencies.

r 0 = -e Ę0 m . 1 Ê 2 0 -Ê 2 -iÊ " m (I.7)
Hence the dipole vector:

p (Ê)=-e.r = e 2 m(Ê 2 0 -Ê 2 -iÊ " m )
. Ę0 .e ≠iÊt (I.8)

And polarization vector P is defined as a sum of dipole vector:

P(Ê)=n.p(Ê) (I.9)
With "n" is the volume unit

P(Ê)= n.e 2 m 1 Ê 2 0 -Ê 2 -iÊ " m
. Ę0 .e ≠iÊt (I.10)

Dielectric function of metals

The energy quantum is ~Êp ,w h e r e" Ê p " is the plasma pulsation, hence Ê p = Ò nce 2 ' 0 me ,w i t h "n c " is the collision density, "e" is the electron charge, "' 0 " the dielectric constant of the vacuum and "m e " the electron mass.

The electric displacement D is related to the polarization density P by:

D(Ê)=' 0 Ę(Ê)+ P (Ê) (I.11) P (Ê)= D(Ê) -' 0 Ę(Ê) (I.12) P (Ê)=' 0 ' r (Ê) Ę(Ê) -' 0 Ę(Ê) (I.13) P (Ê)=' 0 (' r (Ê) -1) Ę(Ê) (I.14)
The permittivity of material will be: (Lorentz formula)

' r (Ê)=1+ Ê 2 p Ê 2 0 -Ê 2 -iÊΓ (I.15) with Γ= " m
To obtain the Drude formula, it is necessary to assume "Ê 0 =0", because the Drude model is based on free electron.

' r (Ê)=1 - Ê 2 p Ê 2 + iÊΓ =1- Ê 2 p Ê(Ê + iΓ) (I.16) (I.17)
The dielectric function can be written as follows:

' r (Ê)=' Õ r (Ê)+i' r "(Ê) (I.18) (I.19)
where 

' Õ r (Ê)=1 - Ê 2 p Ê 2 +Γ 2 (I.20) ' r "(Ê)= ΓÊ 2 p Ê(Ê 2 +Γ 2 ) (I.

Introduction

Prior to the fabrication of waveguides, it is needed to perform numerical simulation of the SPP modes sustained by our structures. The numerical simulation will help to find the better structures configurations in order to get the supported plasmon mode with the lowest losses.

Simulation methods

The two-dimensional eigenvalue problem has been solved by two different methods: the Effective Index Method (EIM), where the waveguide is replaced by an equivalent slab waveguide with an index profile derived from the geometric shape of the waveguide, and the Finite Element Method (FEM), as it is commonly used to numerically solve equations describing the dynamic behavior of physical systems.

1.a The Effective Index Method

The Effective Index Method was developed by the group of Bozhevolnyi [START_REF] Holmgaard | Theoretical analysis of dielectricloaded surface plasmon-polariton waveguides[END_REF] The profile mode of this simulation is placed in Annexe A, section 1.

Figure II.3 -Simulation of propagation losses for varied w and t for FOWG-115 polymer.

From the fabrication point of view, it is actually not recommended to decrease the gold strip thickness below 15 nm. The main reason for this is to avoid having a film below the percolation limit and having a too large film roughness in comparison to the thickness.

As the purpose of the plasmonic waveguides is to be end-fire coupled with the core of a fiber optic, and because the fiber core diameter is 9 µm, the preferred cases are those where the plasmon longitudinal mode size FWHM is the closest to 9 µm. A 10 µm metal strip width happens to give a longitudinal FWHM close to this value for 15 nm gold thickness and will thus be the preferred one. Following these simulations shown in Figure II.4, the dimension of the gold strip was chosen to have a width of 10 µm, and a thickness of 15 nm for optimized single mode propagation. The profile mode of this simulation is placed in Annexe A, section 2.

2.a.3 Momentive and LightLink polymers

The same work was done on three different polymer grades from Momentive (n Momentive = 1.41, 1.44, 1.47 at ⁄ TC ) and "LIGHTLINK" polymer with refractive index n LIGHT LIN K = 1.473 at ⁄ TC . The extinction coefficient is assumed to be zero. Table II.2 shows the effective indexes and propagation lengths determined for five waveguides widths (5 µm, 7.5 µm, 10 µm, 12.5 µm, and 15 µm) and two gold thickness (15 nm and 20 nm).

The Figure II.5 shows that for any waveguide width the propagation length is much decreased when the metal thickness is increased (assuming no absorption, k clad =0 ). In addition the main trend of the plot is a quick decrease of the propagation length as the waveguide width increases. The longitudinal mode size seems to be linked with the waveguide width, whereas the transversal mode decrease would be linked with the thickness increase 3 Design and simulation of the ULR-SPP redirection component.

3.a Mode simulation.

The modal profile simulation for the "Ultra Long Range Surface Plasmon Polariton", or ULR-SPP, were calculated using EIM method. In this case, an additional layer of photoresist above the metal waveguide is introduced. The first step is to study the effect of the resist refraction index and thickness on the mode size. Then, the EIM is used to 

n clad width (µm) Au (nm) n ef f k ef f L spp (

3.b Propagation loss simulation.

The propagation loss simulation is used to determine the best compromise between the gold thickness, photoresist thickness and refractive index. The first step is to determine the best gold thickness to propagate as far as possible. Figure II.9 shows the propagation length for a set of five waveguide widths (5.0 µm; 7.5 µm; 10.0 µm; 12.5 µm; 15.0 µm)embeddedinto two SU8 cladding with the same refractive index. In this figure, the propagation length decreases as the gold thickness increases. The five widths show the same decay curve, and therefore the best thickness value will be the the lowest one. However we are limited by the fabrication process. If the thickness is lower than 15 nm, the percolation limit is not reached because there is no uniform layer. If the thickness is too high, the propagation length is drastically reduced because it cannot maintain plasmon containment along the metal waveguide. (Figure II.9)

Figure II.9 -Propagation length of the zero order mode for a gold layer embedded in SU8 cladding

The Figure II.10 shows a variation map of the propagation length according to both polymer refractive index in X and polymer thickness in Y. (with the darker colors showing the higher propagations and the lighter colors the shorter ones). On this map, two main regions can be distinguished. First a plateau region of high propagation length which is covering higher n polymer and lower thicknesses. On the contrary a dip of propagation length is observed in a smaller region where both the resist thickness is high and the n polymer is low.

Introduction

Integrating a plasmon waveguide in a single component enabling light redirection with minimum loss represents a great challenge [START_REF] Enami | Hybrid electro-optic polymer/sol-gel waveguide directional coupler switches[END_REF]. This work on LR-SPP waveguide benefits from long years of a great scientific effort [START_REF] Sergey | Surface plasmon polariton waveguiding in random surface nanostructures[END_REF][START_REF] Hsu | 10 gb/s optical interconnection on flexible optical waveguide in electronic printed circuit board[END_REF]. The characteristics of the ultra-long range mode can also be applied to the surface plasmon waveguides with finite width metal strips. The finite width plasmonic strip guides are known to support propagation distances longer than those of infinite width films. [START_REF] Adato | Characteristics of ultra-long range surface plasmon waves at optical frequencies[END_REF] There are two different ultra long-range structures: first a lower index dielectric layer embedded symmetrically on both metal sides : "s-ULR-SPP" or just the lower index layer on one side which gives an asymmetrical structure: "a-ULR-SPP" . During this work the a-ULR-SPP structure was studied because it is much easier to fabricate.

In the literature, there are various techniques to enable a bend configuration for long-range plasmon. These techniques are based either on an in-plane bend polymer waveguide [START_REF] Degiron | Guiding light with long-range plasmons[END_REF] or on flexible characteristics which allow the bending of the waveguide out

Fabrication of SU-8 based ULR-SPP waveguides (without mirror)

cialized by MicroChem Corp1 [START_REF] Borreman | Fabrication of polymeric multimode waveguides and devices in su-8 photoresist using selective polymerization[END_REF]. It is a negative photo-sensitive resin known for the possibility of obtaining thick layers, it is easily processable by a UV-lithography and has a high stability, but it has a limited flexibility compared to polymers selected for plasmonic arcs (or flexible LR-SPPW). [START_REF] Liu | Process research of high aspect ratio microstructure using SU-8 resist[END_REF] In practice the SPP mirror is obtained by carving a cavity in the whole layer stack of the LR-SPP or ULR-SPP structure, so that the refractive index of the air filled cavity is 1, allowing total internal reflection inside the layer. The SU-8 resist was chosen as dielectric cladding material because of its excellent properties and lithographic capabilities. In particular, obtaining a prismatic cavity of good quality, with nearly vertical developed walls is possible with this resist. This provides a good quality reflector for the SPP mode. Gold was used as the metal supporting the plasmon because it offers a good compromise between plasmonic properties and stability over time.

The proposed ULR-SPP waveguide structure consists of a silicon substrate, a lower polymer cladding layer, a thin gold strip covered with a PMMA strip made by UV lithography and etching, and an upper polymer cladding layer (shown in Figure III.2). The signal carried by the SPP along the waveguide can be reflected on-chip at any incident angle (chosen by design of the mask, and respecting the TIR angle condition) on the integrated air prismatic cavity.

Fabrication of SU-8 based ULR-SPP waveguides (without mirror)

In this section, the fabrication method for a straight waveguide without the mirror integration is presented. Both resists PMMA and AZ 701 MIR have been tested. At the beginning of our process, we deposited a 30 µm SU8-3035 resin film on a silicon wafer by spin coating at 3000 rpm, followed by a soft bake of 1 minute at 65 o C followed immediately by 9 minutes at 95 o C on a hot plate. This layer is exposed with a dose of 375 mJ/cm 2 in I-line configuration on SUSS MicroTec MJB4 lithography tool followed by a of hard bake of 5 minutes at 

Optical characterization of ULR-SPPW in the straight configuration

In this part, we report on the optical characterization of the cleaved samples excited by end-fire coupling with a single-mode fiber. Two characterization methods are used : SPP imaging to measure the profile of the mode and the power attenuation measurements on waveguides of different lengths (∼ cut-back method).

Our Optical setup is composed of an IR source (Anritsu, OSICSExternal-Cavity-Lasers emitting at 1550 nm) with fiber output, a 3-paddle polarization fiber controller, one single mode fiber (SMF 128), the sample and an IR Xenics camera, model Bobcat 320-Star (shown in Figure III.9). The waveguide samples were supported by silicon and cleaved to produce the facets for butt coupling. Characterization was done at 1550 nm wavelength with TM polarization control.

Introduction

In this chapter, we first examine the characteristic properties of the polymers used for LR waveguide for out-of-plane bending configuration. We report on the identification of 3 different suitable polymer materials and the fabrication of the plasmonic arcs, which can be defined as free-standing mechanically flexible waveguides that support the longrange surface plasmon polariton mode (LR-SPP) and that are used as optical interconnect.

The optical characterization of the stand-alone LR-SPP waveguides in the straight (unbent) configuration is then presented. The bending of the waveguides and the associated bending losses are reported in sections 4 and 5. The bending losses characterization has been performed by our PhoxTroT partner SDU with the samples we have fabricated. In this chapter the coupling of LR-SPP waveguides with single mode glass waveguides is also reported in section 6. The optical Printed Circuit Board (oPCB) samples containing the glass waveguides were provided by our partner Fraunhofer IZM.

1 Polymer films for flexible LR-SPPW.

1.a Specifications and choice of the polymer materials

There are basic requirements for a polymer material to be used in a flexible LR-SPPW structure. It should easily form homogeneous films (using spin-coating); these films should be flexible; have good stability (mechanical and thermal); give the possibility to tune precisely the refractive index in order to fabricate the multiple-cladding structures; they should give low loss waveguides at 1550 nm Telecom wavelength even in the bent configuration and finally be compatible with the various fabrication process steps, and in particular provide good adhesion to gold both at the fabrication stage and later under bending stress. These requirements lead us to the following list of the main material's properties:

• Thermal and mechanical stability ⇒ cross-linkable polymer (cross-linking can be generated either by UV curing and/or thermal curing)

• Flexibility (bending radius down to 1 mm) ⇒ losses could result from the presence of air gaps between polymer and gold in the waveguide. Adhesion should also be assured during bending of the waveguide

⇒
The stability, flexibility and low loss requirements make transparent elastomers like silicones (polysiloxanes) or other types of elastomers the materials with the best potential. Exguide FOWG is an ethylene-oxide-acrylate based elastomer including fluorinated styrene groups and it was initially identified before submitting the project. It is the most evident choice because of the good optical transmission [START_REF] Lee | Low bending loss metal waveguide embedded in a free-standing multilayered polymer film[END_REF] in the bent configuration showed in published results. Table IV.1 is listing some commercially available polymers commonly used in photonics and an appreciation of their performances with respect to our main requirements. Looking at table IV.1, standard PMMA has to be ruled out due to poor thermal resistance. SU8 and BCB have the disadvantage of having limited flexibility, with their elasticity modulus lying in the 2-4 GPa range (Table IV.2). In addition, their absorption loss is relatively high compared to other polymers. Ormocer could be an interesting alternative to FOWG. PDMS is also an option but problems of adhesion to gold have been reported [START_REF] Maziar | Fabrication approaches for metallo-dielectric plasmonic waveguides[END_REF][START_REF]Miron. Handbook of Adhesives[END_REF] and it possesses an absorption band at ⁄ TC [START_REF] Vernoux | Flexible long-range surface plasmon polariton singlemode waveguide for optical interconnects[END_REF]. MPM526A&B, LIGHTLINK are good polymers for a flexible waveguide, with a low absorption loss at 1550 nm. Thus FOWG, MPM526A&B and LightLink were the 3 materials studied. We started with FOWG for the development of the LR-SPPWs because of its performances reported by the Korean group who used it in the long-range SPP waveguide configuration but also because it was commercially available at the beginning of this project.

Polymer material

Polymer films for flexible LR-SPPW.

-Use diffusive light from a broad-band UV source instead of collimated light to crosslink the film.

This limited information gives no indication for a precise thickness and the reason for the use of diffusive light is unclear. During this work, it was thus necessary to learn how to process the resin itself and how to fabricate the waveguides from the FOWG films. Table IV.3 regroups the characteristics of two FOWG-grades. For liquid and film states, the two grades have similar performances. Differences can be seen for refractive index and degradation temperature. Table IV We first did spin-coating tests. Table IV.5 shows the FOWG thickness obtained for a range of speed. Afterwards, the spin speed is fixed at 700 rpm, which is a good compromise to get both a thickness of 30 µm and a homogeneous surface.

Spin coat speed (rpm) 700 800 900 1000 1500 2000 Polymer thickness (µm) 35 25 13 8 5 3

Table IV.5 -Polymer thickness of FOWG-115 versus spin coat speed

The cross-linking has to be performed in an inert atmosphere. Chemoptics does not provide chemical information on the resin but we can suppose that the reason for this important detail is the sensitivity to oxygen of the chemical groups formed under UV exposure. In air, a surface inhibition layer due to oxidation could be formed, leading to localized refractive index variations. This can be avoided by using an inert atmosphere.

the refractive index by blending the two materials in different ratios. Both materials were of the UV+Thermal or thermal cure type and the company also provided us with the photoinitiators adapted to the 365 nm wavelength. The polymer and photoinitiator were mixed in the recommended proportions just before use (kept less than 48 hours in the clean room to avoid any evolution of the mixture) in the clean room away from sunlight. The mixtures were spin-coated on silicon wafers that were covered with an adhesion promoter beforehand. Two different polymerization conditions have been tested, only thermal or UV+thermal. We found out that the best conditions to obtain a hard and smooth coating was a 30 s UV flood exposure in our MJB4 mask aligner, immediately followed by a 120 o C baking for 5 min. Nice homogeneous and resistant flexible films were obtained. The thickness ranges were different for the prepared material compositions. To obtain the desired thicknesses, the spin -coating spin speed was adjusted and in the cases where a single coating was too thin, double layers of the same were realized.

1.b.3 Lightlink

We chose to use the grade "XH-100145" because of its simpler thermal cure process.

Lightlink films are easily formed on the Si wafers by spin coating (1500 rpm -→ 5 µm thickness) followed by a first baking step at 90 o C for 5 min and a second bake at 160 o C for 15 min. Multiple layers can be topped up onto each other following the same process in order to reach the desired cladding thickness.

1.b.4 Conclusion on polymer choice

To conclude on the fabrication of the polymer films, FOWG suffers from a more complex fabrication procedure than the other polymers, because of the difficult and time-consuming constraint of UV-exposing and baking under inert atmosphere, inside a glove box. This makes its use difficult in practice in comparison with Momentive and Lightlink polymers which are easier to process and were preferred for the production of the LR-SPPW waveguides towards the end of the project.

1.c Film peeling and flexibility

Polymer films are deposited on a silicon substrate. In order to obtain the final flexible waveguide structure, it is necessary to peel off the waveguide from the silicon substrate. As shown in An alternative solution we found is to deposit FOWG on a silicon wafer coated with TI-prime adhesion promoter (in place of gold) and peel off the film using hot isopropanol. Momentive films also peel off easily in the same conditions as those described for FOWG. The employed cutting method to make the perpendicular facets for end-fire fiber coupling was generally a basic mechanical cleavage of the Si wafer, which does not always result in a regular and perpendicular facet but is a quick and easy method for the LR-SPPW development stage. This cutting method usually resulted in a variable coupling loss between 3 and 10 dB depending on the waveguide, as can be seen in Figure IV. [START_REF] Berini | Plasmon polariton modes guided by a metal film of finite width[END_REF]. In order to improve this, test wafers were cut with a dicing saw by TE connectivity. As a result, the coupling was slightly decreased to the 3-6 dB range, thus not in a significant manner but with less variability than before, as can be seen in Figure IV.35.

Interfacing LR-SPPWs with single-mode ion-exchanged glass waveguides.

the output mode on the IR camera placed in the axis of propagation. The FWHMs of the mode were measured to be 11.5 µm in both longitudinal and transversal directions. Then an 8 mm long plasmonic arc sample was aligned with the glass waveguide output by optimizing the output mode imaged at the ending facet. Finally the output fiber was aligned by optimizing the readout of a power-meter. While the standalone plasmonic arc and the glass waveguide feature an insertion loss of ∼12 dB (+/-0.5 dB depending on strip width) and 2.2 dB respectively, the insertion losses measured for the glass plus plasmonic arc couple are ranging between 13-16 dB for TM polarization (see Table IV 

C fiber≠oP CB =(I oP CB -L oP CB P oP CB )/2 (IV.3)
The results are presented in Figure IV.44. We observe that the insertion loss tend to decrease as a function of W strip . The 10 µm width seems to be the optimum for the coupling at the interface between the two elements but 12.5 and 15 µm are pretty close and the relatively small difference between the 3 values of W strip could be due to the local variations of the coupling loss C fiber≠Arc linked with the quality of the cleaving. The noticeable decreasing trend between 5 and 10 µm is more important and is certainly due to increased mode size mismatch. The coupling loss of 1.7-2.3 dB/interface with the gold strip widths equal to or larger than 10 µm is decent performance for plasmonic arc interconnects.

with gold, was found, close to simulation's prediction. A deep study of the conditions of evaporation might be a way of improving the polarization ratio. The coupling of LR-SPPWs with single-mode glass waveguide oPCB allowed us to estimate the coupling loss at the interface ranging between 1.7 and 2.3 dB/interface for waveguide widths between 10 and 15 µm.

General conclusion

In this manuscript, we have reported the fabrication and characterization of long-range plasmonic waveguides at the telecom frequency.

The first studied waveguide type is based on the Ultra-Long-Range Surface-Plasmon-Polariton, which has an asymmetric structure consisting of a stack of metal and polymer, the whole being embedded into a cladding polymer. The optical loss measurements performed on the straight waveguides yielded promising results with average propagation losses of 1 dB/mm. We have designed and fabricated a non-flexible component with an array of ultra-long waveguides integrating an SPP total internal reflection mirror allowing light redirection. The performance of this light-redirecting structure allowing plasmonic interconnection has proved to be worse than expected with respect to the straight waveguides. Nevertheless, this allowed developing a process based on a 60 µm thick deep etching with an angle close to 90 o at the end of etching. In addition, a double lithography process was also developed to homogenize the optical index of the different layers and to obtain a nice vertical wall for the interface constituting the SPP mirror.

The second studied guide type is based on the "Long-Range Surface-Plasmon-Polariton ", having a symmetric structure which at first sight seems simpler but which is in fact more complex to fabricate partly because the withdrawal of the photoresist used to define the metal waveguide is delicate and partly because of the incompatibility of some polymer materials with some of the fabrication steps (lithography; plasma etching). The development of a polymer-based LR-SPP flexible arc waveguide yielded waveguides with moderate loss. The propagation loss of 3.2 dB/mm obtained in the uncorrected FOWG configuration is relatively high. The reason for the losses may be due to imperfect symmetry of the manufactured waveguide. We suspect that during the assembly process of the two claddings, a gap (air) is left between the lower and upper layers, inducing an asymmetry in proximity of the gold strip that is detrimental to the propagation length of the plasmon mode.

We also used Momentive and LightLink materials as cladding materials for LRSPP (plasmonic arc) flexible waveguides with gold as the plasmonic metal. Both materials yielded plasmonic arcs with optical performance similar to the telecom frequency, with propagation loss most often less than 1 dB/mm in TM polarization. Performance is slightly better for Momentive materials with a minimum of ∼0.3 dB/mm for a 10 µm gold bandwidth. The coupling losses reached about 1 dB/facet. In the self-supporting S-curve configuration, the loss of curvature of the plasmonic arc was 2.2-2.8 dB/90 o at a radius of curvature of 2.5 mm. The coupling of oPCB and plasmonic arc has shown an optimum width at 10 µm to minimize the interface loss between these elements. We have therefore developed a manufacturing process based on gold etching and the use of a covalent surface modification of gold to promote adhesion to the polymer, a condition

General conclusion

which is necessary to ensure a good propagation length.

These promising results paves the way towards the integration of plasmonic arcs as interconnectors in more advanced devices. The next step in the future developments would be to study their performance when in real modulator frequencies conditions. For future research, it would also be interesting to use other metals frequently used in plasmon technology. Aluminum seems to be a potential candidate for this type of application. However, the optical index homogenization aspects of the cladding polymers must be improved and better understood to result in lower losses.
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  transparent (k FOWG≠115 = 0 and k FOWG≠116 = 0). The propagation loss is defined as the proportional inverse of propagation length. Figure II.3 shows that for a reasonably low gold thickness, between 15 and 20 nm, the expected propagation loss lies in the 0.4-2 dB/mm range. The propagation loss decreases when the width Ê is decreased from 15 to 5 µm.

Figure II. 4 -

 4 Figure II.4 -Propagation length versus waveguide width determined for three thin gold thickness of Exguide FOWG polymers with k clad =0.

Figure II. 6

 6 Figure II.6 describes the propagation length reduction according to the increase of absorption part of the cladding. This phenomenon can be explained by the increase of the effective index imaginary part k cladding .Figure II.7 shows that for a reasonably low gold thickness, between 15 and 20 nm, the expected propagation loss lies in the 0.4-2 dB/mm range for Momentive polymer (Figure II.7a) and a similar propagation loss range is observed for LightLink polymer (Figure II.7b). The propagation loss decreases when the width Ê is decreased from 15 to 5 µm. We obtain a better propagation loss for the last polymer compared to FOWG.

Figure II. 5 -

 5 Figure II.5 -Propagation length versus gold widths for three Momentive resin grades with k clad =0.

Figure II. 6 -

 6 Figure II.6 -Impact of variations of k on LSPP for three smaller widths with Momentive nMomentive=1,41 at λTC and gold thickness of 15 nm.

Figure III. 8 -

 8 Figure III.8 -Face of reflection by the corner of air after development

  preferably elastomers • Low loss at 1550 nm ⇒ low intrinsic absorption, preferably below 1 dB/cm ⇒ microscopic homogeneity in the films (no voids or varied density) especially in terms of refractive index • Refractive index tunability ⇒ provider should propose various grades of materials with different refractive index • Adhesion to gold (with or without bending stress)

  Figure IV.4, a 30 nm gold layer was deposited on the substrate prior to resin coating (Figure IV.4(a)) to facilitate the separation of the resin from the substrate without damaging the film. The peeling off can be realized successfully (Figure IV.4(b)), due to the expected flexibility of the film but the film is fragile and can be easily torn during peeling. A successful peeling depends on the thickness of the gold underlayer.

Figure IV. 33 -

 33 Figure IV.33 -Au-Lightlink LR-SPPW : loss measurements in TM and TE polarization.
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Table II . 1 -

 II1 Cladding refractives index used for simulations

	Polymer	grade	n	k
	FOWG	115 116	1.507 1.547	0 0
			1.41	0
	Momentive		1.44	0
			1.47	0
	LightLink		1,479	0
	SU8	3035	1,57 8e-5

. It is based on an approximation that reduces a 2D index profile to an equivalent one-dimensional

Table II . 2 -

 II2 Effective index and propagation lengths for three Momentive resin grades with k clad =0.

					mm)
	1.41	5	15	1.410131 3.30E-06	37.384
	1.41	7.5	15	1.410360 6.89E-06	17.897
	1.41	10	15	1.410560 8.97E-06	13.754
	1.41	12.5	15	1.410708 1.01E-05	12.171
	1.41	15	15	1.410817 1.08E-05	11.396
	1.41	5	20	1.410452 1.43E-05	8.609
	1.41	7.5	20	1.410914 2.22E-05	5.567
	1.41	10	20	1.411234 2.59E-05	4.764
	1.41	12.5	20	1.411447 2.78E-05	4.436
	1.41	15	20	1.411593 2.89E-05	4.273
	1.44	5	15	1.440159 3.99E-06	30.933
	1.44	7.5	15	1.440415 7.83E-06	15.745
	1.44	10	15	1.440628 9.97E-06	12.367
	1.44	12.5	15	1.440784 1.12E-05	11.056
	1.44	15	15	1.440896 1.18E-05	10.412
	1.44	5	20	1.440531 1.64E-05	7.502
	1.44	7.5	20	1.441028 2.46E-05	5.022
	1.44	10	20	1.441363 2.83E-05	4.354
	1.44	12.5	20	1.441583 3.02E-05	4.080
	1.44	15	20	1.441737 3.13E-05	3.942
	1.47	5	15	1.470192 4.76E-06	25.914
	1.47	7.5	15	1.470475 8.85E-06	13.941
	1.47	10	15	1.470702 1.10E-05	11.165
	1.47	12.5	15	1.470864 1.22E-05	10.075
	1.47	15	15	1.470980 1.29E-05	9.536
	1.47	5	20	1.470617 1.87E-05	6.586
	1.47	7.5	20	1.471151 2.71E-05	4.549
	1.47	10	20	1.471500 3.09E-05	3.990
	1.47	12.5	20	1.471725 3.28E-05	3.760
	1.47	15	20	1.471876 3.38E-05	3.645

Table IV . 1 -

 IV1 Possible commercial materials and important parameters for the flexible plasmonic Arc.

Colored blocks refer to the results obtained in this work.

Table IV . 2 -

 IV2 Elastic Modulus of commercially available materials.

		Elastic Modulus (flexural; tensile)
	PMMA	3G P a;3G P a
	SU-8	n.a. ; 2-4 GPa
	BCB	n.a. ; 2.9 GPa
	PDMS	n.a. ; 0.3-0.9 MPa
	ORMOCER	n.a. ; 70-4500 GPa
	EPO CORE/CLAD	n.a. ; 2.4/2.2 GPa
	Exguide ZPU / LFR	n.a. ; n.a.
	Exguide FOWG	n.a. ; n.a.
	LIGHTLINK	n.a. ; n.a.
	MPM526A&B	n.a. ; n.a.

Table IV . 8 -

 IV8 Dimension of FWHM of output mode for LightLink polymer.

	Width	Long. Mode	Long. Mode	Trans. Mode	Trans. mode
	(µm) FWHM (theo) FWHM (exp.) FWHM (theo) FWHM (exp.)
	5.0	6.1 µm	5.6 µm	4.5 µm	4.8 µm
	7.5	7.7 µm	5.7 µm	4.3 µm	4.8 µm
	10.0	9.5 µm	7.2 µm	4.3 µm	4.8 µm
	12.5	11.3 µm	8.7 µm	4.3 µm	4,8 µm
	15.0	13.1 µm	9.1 µm	4.3 µm	4,8 µm
		Waveguide width	5 µm 7.5 µm 10 µm 12.5 µm 15 µm
	Momentive	Longitudinal FWHM Transversal FWHM	8.7 5.8	9.7 5.1	11.6 4.8	12.8 4.7	15.6 4.9
	LightLink	Longitudinal FWHM Transversal FWHM	5.6 4.8	5.7 4.8	7.2 4.8	8.7 4.8	9.1 4.8

Table IV .9 -Summary

 IV 

of Plasmon Mode size (FWHM) at waveguide output (experimental).

Table IV .11 -Coupled

 IV .11) and 35-37 dB in TE, depending on the plasmonic strip width W strip . It was also checked that the values were the same when the two samples were inverted with respect to the propagation direction.PlasArc strip width 5 µm 7.5 µm 10 µm 12.5 µm 15 µmThe plasmonic arc to glass waveguide coupling loss C Arc≠oP CB was deduced by the following calculation where we define C fiber≠Arc and C fiber≠oP CB as the fiber coupling losses involved, P Arc and P oP CB as the propagation losses obtained from the cutback studies and L Arc and L oP CB the lengths of the samples. Equation IV.2 gives the total insertion loss of the oPCB-arc assembly:Loss = C fiber≠Arc (W strip )+L arc P arc (W strip )+C arc≠oP CB (W strip ) +L oP CB P oP CB + C fiber≠oP CB (IV.2)where L oP CB P oP CB = 0.015x31 dB and L arc =8 mm. C fiber≠oP CB is deduced from the insertion loss I oP CB = 2.2 dB of the standalone oPCB waveguide and P oP CB by the following equation:

	Insertion Loss Standalone PlasArc 12.6	12.6	12.2	11.8	11.5
	in TM	Standalone oPCB			2.2		
	(dB)	oPCB -→ PlasArc	16.0	13.6	13.3	13.1	12.8

oPCB / Plasmonic Arc insertion losses (TM polarization).

Table IV . 12 -

 IV12 Summary of single-cladding LR-SPPW performances in the straight (horizontal) configuration.

		Au	Au	Au	Ag
	LR-SPPW Type	Momentive	LightLink	LightLink	LightLink
		cleaved	cleaved	diced	diced
	Polarization ratio TM/TE (dB)	20-30	10-20	20-30	1-10
	Coupling Loss (dB/facet)	2.4-5.5	∼3.8	0.8-1.3	0.6-1.2
	Propagation Loss (dB/mm)	0.33-1	∼1	0.95-1.2	0.54-0.9
	Propagation Loss				
	exponential fit from		0.5-0.7	0.26-0.73	∼1
	decay image (dB/mm)				

http://www.microchem.com/Prod-SU8_KMPR.htm
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Résumé :

Les guides d'ondes plasmoniques à longue distance (LR-SPP) sont récemment apparus comme une des solutions possibles pour le transport de signaux optiques entre puce au sein de « l'ordinateur optique », au sein duquel les signaux électriques seraient remplacés par des signaux lumineux. Cette thèse traite plus précisément le cas de l'interconnexion optique entre composants électroniques nécessitant une redirection de l'information à angle quelconque, afin de remplacer les interconnections électroniques actuelles très consommatrices en énergie et génératrices de chaleur par des guides d'ondes composés de polymères qui se trouve être très peu énergivores. Au travers d'un chapitre de simulation numérique, nous déterminerons les caractéristiques dimensionnelles afin de minimiser les pertes d'énergies par propagations de nos guides d'ondes. Par la suite, nous démontrons la faisabilité expérimentale des résultats obtenus dans la partie théorique au sein de deux types de structures, une première structure d'un seul bloc solide où l'onde d'information est réfléchie sur un prisme d'air, et une seconde structure basée sur une interconnexion flexible où l'information circule le longue d'un guide souple. Les mesures des composants sont effectuées grâce à un montage fibre-à-fibre créé spécialement pour observer les pertes par propagation de nos structures dans la gamme d'ondes des signaux télécoms.

Mots clés : plasmonique, polymere, metal, guide d'onde.

Resume : Long-range Plasmonic Waveguides (LR-SPP) have recently emerged as one of the possible solutions for optical signal transport between chips within the "optical computer", in which electrical signals would be replaced by light signals. More specifically, this thesis deals with the case of optical interconnection between electronic components requiring a redirection of the information at any angle, in order to replace the current electronic interconnections that consume a lot of energy and generate heat through polymer-composed waveguides. This was found to be very energy efficient. Through a numerical simulation chapter, we will determine the dimensional characteristics needed to minimize the energy losses by propagation of our waveguides. Subsequently, we demonstrate the experimental feasibility of the results obtained in the theoretical part in two types of structures. Firstly, a solid one-piece structure, where the information wave is reflected on an air prism will be described, and secondly, a structure based on a flexible interconnection where information flows along a flexible guide. The measurements of the components are done through a fiber-to-fiber arrangement created specifically to observe the propagation losses of our structures in the waveband of telecom signals.