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Abstract — We address the potential of a metamaterials in a guided wave configuration for applications in
the near IR domain. We consider a hybrid type structure made of 2D metamaterial array over a high
index slab waveguide, as for instance silicon our case. The experimental and modeling results show that
effective index and loss level in such hybrid waveguides can be carefully controlled by the engineering of
metamaterial resonances. The investigated approach may constitute a promising alternative to the bulk
multi-layers metamaterial structures.

I. INTRODUCTION

The sustained interest generated by the advent of metamaterials (MMs) during the past decade is strongly
driven by their ability for an efficient tailoring of electromagnetic waves propagation in such artificial composite
media effective index leading to a range of intriguing and unusual properties which are not encountered in
natural media [1,2]. Among the most fascinating applications we can note the invisibility cloak [3-6],
concentrators [7], rotators [8], wormholes [9].

For the time being most of the experimental demonstrations for the transformation optics applications using
metallic MMs were performed in the microwave domain [3-5]. Demonstrations in the optical domains are
essentially limited to all dielectric MMs [9-12]. The two essential factors preventing the use of metallic MMs in
the optical domain are related to the planar technology limitations for the number of MMs layers in the stack
[13-15] and the losses due to the absorption of the metal resonator elements.

To circumvent these issues of metallic MMs, we considered a hybrid type photonic structures in which
metallic parts are coupled with dielectric (and almost lossless) waveguides (Fig. 1). In this configuration, useful
functionalities are obtained by allowing just enough light to interact with the metallic parts of the system. The
experimental validation of the technological feasibility and operation of the MMs in a guided wave configuration
in the spectral domain around 1.5um is the aim of the present work.

I1. DESIGN AND FABRICATION

Here we discuss the potential of hybrid MMs waveguides for guided optics applications. We consider the
case of a composite guiding structure made of a single film of metamaterial over a high index waveguide, such
as Silicon in the present case. For our experiments we considered a 2D array of gold cut wires (CWs) with 10
periods along the propagation direction, placed on the top of a 10um wide and 200nm thick silicon on insulator
(SOI) waveguide (Fig. 1).

In order to obtain the resonance frequency around 200THz, which corresponds to 1.5um wavelength, we fix
the CWs dimensions to 200x50x50nm [16,17]. The separation of two adjacent cut wires along the longitudinal
axis, which is perpendicular to the light propagation direction, is set to 100nm. The separation distance D
between two adjacent elements along the light propagation direction is set for different samples to either 50, 100
or 150nm. The tapered transitions from a 3pm wide input waveguide down to 0.6um wide single mode
waveguide, then to the 10um wide output waveguide are used to insure fundamental mode propagation. This
point is especially critical since at a 10pm width the waveguide is intrinsically multimode.

Fig. 1b shows a scanning electron microscope (SEM) view of the fabricated device. The precision of the
waveguide alignment with respect to the MMs array is of the order of one hundred nanometers. Such a precision
is far sufficient in our case where the waveguide width is 10pm and the MMs array extent across the waveguide
is 9um.
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Fig. 1.  a) Sketch of the slab waveguide with an array of MMs on the top. Light propagation direction
along Z axis. The E field is parallel to the X axis. b) SEM view of a 10um wide SOI waveguide with MM
area (inset)

1. EXPERIMENT AND RESULTS

The experimental characterization is based on a end-fire coupling setup in the spectral range between 1250
and 1640nm with a resolution of 2pm. Figure 2 shows the TE- polarization transmission spectra for a tapered
waveguide with a separation distance D between adjacent CWs either 50, 100 or 150nm. The measurements are
not corrected for the coupling losses. As seen from Fig. 2, a marked dip in transmission is observed. No such a
dip in transmission was observed for TM polarized light, i.e. when the electric filed is perpendicular to the layers
interface and the orientation of the cut wires. This result confirm the efficient excitation of the MMs resonance in
a guided wave configuration for TE polarization.

One important feature that can be observed from the spectra in Fig. 2 is that the transmission level strongly
depends of the separation distance D between adjacent elements. For the same amount of CWs, the transmission
level drops by almost 20dB when separation distance D varies from 50 to 150nm. This is related to the
increasing contribution of the Bragg reflection interference effects for a larger separation distance. The obtained
results can be described by a simple plane waves model for a stratified homogeneous layers with a Lorentz
dispersion low properties. The reflection and transmission obtained using HFSS numerical simulations and plane

wave modeling (Fig. 3) are in a good agreement with experimental results.
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Fig.2.  a) Transmission spectra of a 10pm wide waveguide with an array of MMs on the top.

The composite waveguide effective index determined from the modeling and experimental results show an
important variation in the vicinity of the MM resonance. The ability for the local engineering of the effective
index based on the interaction of the evanescent tail with the MMs layer and control in such a way the light flow
in a guiding slab layer constitutes a real opportunity to design a novel class of photonic devices. It may constitute
a promising alternative to the bulk multi-layers metamaterial structures.
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Fig. 3. a) HFSS numerical simulation and plane wave modeling results for hybrid MM/SOI waveguide.

IV. CONCLUSION

300

We report experimental and modeling results for a hybrid guiding structure made of metamaterial layer over a
SOI waveguide. It is demonstrated that the effective index and the loss level in such hybrid waveguides can be

carefully controlled with such planar metallo-dielectric MMs.

ACKNOWLEDGEMENT

This work was supported by the French National Research Agency (ANR Metaphotonique, contract number

7452RA09) and the Champagne-Ardenne region.
REFERENCES

[11 V. G. Veselago, “The electrodynamics of substances with simultaneously negative values of permittivity
permeability,” Sov. Phys. Usp. 10, 504 (1968).
[2] J.B. Pendry, “Negative refraction makes a perfect lens,” Phys. Rev. Lett. 85, 3966-3969 (2000).

and

[3] D. Schurig, J. J. Mock, B. J. Justice, S. A. Cummer, J. B. Pendry, A. F. Starr, and D. R. Smith, “Metamaterial

electromagnetic cloak at microwave frequencies,” Science 314, 977-980 (2006).

[4] B. Kanté, D. Germain, and A. de Lustrac, “Experimental demonstration of a nonmagnetic metamaterial cloak at

microwave frequencies,” Phys. Rev. B 80, 201104 (2009).

[5] S. Tretyakov, P. Alitalo, O. Luukkonen, and C. Simovski, “Broadband Electromagnetic Cloaking of Long Cylindrical

Objects,” Phys. Rev. Lett. 103, 103905 (2009).

[6] R.Liu, C.Ji,J.J. Mock, J. Y. Chin, T. J. Cui, and D. R. Smith, “Broadband ground-plane cloak,” Science 323, 366—

(2009).

369

[71 M. Rahm, D. Schurig, D. A. Roberts, S. A. Cummer, D. R. Smith, and J. B. Pendry, “Design of electromagnetic cloaks
and concentrators using form-invariant coordinate transformations of Maxwell’s equations,” Photon. Nanostruct.:

Fundam. Appl. 6, 87-95 (2008).

[8] H.Y. Chen, B. Hou, S. Chen, X. Ao, W. Wen, and C. T. Chan, “Design and experimental realization of a broadband

transformation media field rotator at microwave frequencies,” Phys. Rev. Lett. 102, 183903 (2009).

[9]1 A. Greenleaf, Y. Kurylev, M. Lassas, and G. Uhlmann, “Electromagnetic Wormholes and Virtual Magnetic Monopoles

from Metamaterials,” Phys. Rev. Lett. 99, 183901 (2007).

[10] T. Ergin, N. Stenger,P. Brenner, J. B Pendry,M. Wegener, “Three-dimensional invisibility cloak at optical

wavelengths,” Science 328, 337-339 (2010).

[11] J. Valentine, J. Li, T. Zentgraf, G. Bartal, and X. Zhang, “An optical cloak made of dielectrics,” Nature Mater. 8, S68—

571 (2009).

[12] L. H. Gabrielli, J. Cardenas, C. B. Poitras, and M. Lipson, “Silicon nanostructure cloak operating at optical

frequencies,” Nature Photon. 3, 461-463 (2009).

[13] J. Valentine, S. Zhang, T. Zentgraf, E. Ulin-Avila, D. A. Genov, G. Bartal, and X. Zhang, “Three-dimensional optical

metamaterial with a negative refractive index,” Nature 455, 376-379 (2008).

[14] N. Liu, H. Guo, L. Fu, S. Kaiser, H. Schweizer, and H. Giessen, “Three-dimensional photonic metamaterials at optical

frequencies,” Nature Mater. 7, 31-37 (2008).

[15] R. Ghasemi, N. Dubrovina, P.-H. Tichit, A. Degiron, A. Lupu, and A. de Lustrac, “Transformation optics and infrared

metamaterials for optical devices,” Applied Physics A 109, 819-823 (2012).

[16] A. Lupu, N. Dubrovina, R. Ghasemi, A. Degiron, and A. de Lustrac, “Metal—dielectric metamaterials for guided wave

silicon photonics,” Opt. Express 19, 24746—24761 (2011).

[17] A. Lupu, N. Dubrovina, R. Ghasemi, A. Degiron, A. de Lustrac, “Metal-dielectric metamaterials for guided optics

applications,” Proc. SPIE 8423, 842306 (2012).

273




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


